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Abstract
The Quantum Dots (QDs) are widely used in different biological and biomedical applications due to their unique optical, 
electronic, physicochemical properties. Different QDs recently have been used for tumour imagining, gene therapy, and 
drug delivery. They are developed for numerous applications. Although various studies concerning possible harmful effects 
of QDs have been conducted, there is need to consolidate evidence, concerning the genotoxic effects of semiconductor 
QDs. In this manuscript, recent in vivo and in vitro studies concerning the genotoxic effects of QDs are reviewed and 
potential mechanisms underlying their genotoxicity discussed. Genotoxicity tests have been used in many QD studies in 
the model systems. This review presents an overview of the genotoxicity assessment of QDs using different assay systems 
and discusses how genotoxicity of QDs is affected by experimental conditions, such as, light or dark conditions, in vivo/
in vitro assays or cell types used, as well as the physicochemical properties of QDs (core, shell and coating materials, etc.). 
This review article is intended to promote the awareness of QD applications in biology, evaluate the potential genotoxicity 
of QDs, and present approaches to reveal the possible underlying mechanisms of this genotoxicity.
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Introduction
The semiconductors quantum dots (QDs) constitute a 

generation of nanomaterials (NMs) characterized by their 
small size (1-10 nm), containing about 200-10,000 atoms, 
and having invaluable optical, chemical, electrical and mag-
netic properties [1]. Because of their photophysical proper-
ties and adjustable emission in different wavelengths, they 
are being developed for different biological and biomedi-
cal applications. QDs can connect covalently with the dif-
ferent molecules (such as antibody peptides, nucleic acids 
or small-molecule ligands) for use as targeted fluorescent 
probes. QDs have been used for in vitro diagnostic appli-
cations [2], fluorescently labelled DNA probes for gene 
mapping identification of chromosomal abnormalities and 
fluorescent in situ hybridisation-FISH [3], gene therapy [4], 
targeted imaging of membrane proteins and receptors [5], 
in vivo detection of cancer metastasis [6,7], targeted tumour 
imaging and therapy [8,9], drug delivery [10-12], photody-
namic therapy [13], toxin detection [14] and magnetic res-
onance imaging [15].

Multicolour and multiplexing potentialities of QDs have 

been used for the detection of different protein biomarkers 
(CD15, CD30, CD45, and Pax5) of Hodgkin's lymphoma 
[16], imaging of respiratory syncytial virus [17], as FRET- 
and BRET-based sensors [18], as labels for detection of mul-
tiple mRNA targets using fluorescence in situ hybridisation 
(FISH) [19], detection of multiple proteins on Western 
blots [20] and pH probes [21]. QDs have also been used as a 
tool in neuroscience to visualize and track dynamic molec-
ular processes and assess axon growth [22]. Although QDs 
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ral reviews have focused on the toxicity of QDs. However, 
none have assessed the possible genotoxic effects of QDs or 
discussed possible mechanisms involved in this genotox-
icity, such as core material, size, coating, charge, etc.). The 
present review sets out to discuss whether QDs may elicit 
genotoxicity, with a special focus on the underlying possi-
ble mechanisms. Furthermore, this review will summarize 
the current knowledge of QD toxicity and genotoxicity and 
highlight areas where new information is critical, suggest-
ing directions for future research. Focus will be placed on 
new strategies for genotoxicological research that need to be 
developed in order to resolve knowledge gaps. This review 
will also summarize how much genotoxicity of QDs can be 
affected by different experimental conditions, for example 
concentration of exposure, light or dark conditions, in vivo/
in vitro experiments, cell types, etc., and physicochemical 
properties of QDs such as core, shell, coating, size, charge, 
etc. Though the number of genotoxicity studies on QDs 
is still limited, this endpoint warrants increased attention. 
This review will focus ontests most often employed to eval-
uate the genotoxicity of QDs i.e., the Ames test, Comet as-
say, micronucleus assay and other DNA damage and oxida-
tive damage tests.

There are several studies about QDs toxicity in cellular 
systems, plants, and mammals. Navarro, et al. reported that 
QDs caused oxidative stress inplants determined as a dec-
rease in the ratio of reduced glutathione levels (GSH) to the 
oxidized glutathione (GSSG) [31]. Mercaptosuccinic acid 
(2-sulfanyl butanedioic acid)-capped QDs, were reported to 
betoxicin vascular endothelial cells [32]. QD toxicity can be 
due to composition (coreorsurface coating), size or surface 
charge [33,34]. In addition, biological response is determi-
ned by absorption, metabolism, distribution and excretion. 
Kidneys and liver are major organs that are for responsible 
for clearing QDs from different organs after exposure to 
QDs containing heavy metals, such as cadmium (Cd) and 
selenium (Se) particles. The literature indicates that QDs 
accumulate in theliver and spleen with lesser quantities in 
kidneys, lungs, lymph nodes, bone marrow, while rarely 
entering the brain [35]. Ates, et al. reported that CdSe QDs 
accumulated in a time dependent manner in spleen and liv-
er and to a lower extent in the kidney and intestine [36]. 
However, they reported that CdSe QDs did not accumulate 
in the brain, heart, and lungs in CD-1 mice. Furthermore, 
intravenous (i.v.) exposure to CdSe QDs induced oxidative 
stress measured as an increase in malondialdehyde (MDA) 
levels [36].

Genotoxicity can be described as damage to the genetic 
material namely DNA. Further, genotoxicity occurs when 
different agents damage the genetic information within a 
cell causing mutations, which may lead to cancer. When 
DNA integrity is compromised by a damaging agent, a 
number of scenarios are possible. These depend upon the 

shown great potential in imaging and biomedical applica-
tions, a huge number of studies suggested and clearly de-
monstrated that QDs may pose risks to human health and 
the environment under certain conditions [23]. The present 
review summarizes the available toxicological data for QDs.

A first step in elucidating the potential toxicity and gen-
otoxicity of QDs is to characterize their physicochemical 
properties. QDs are generally composed of groups III-V, II-
VI, or IV-VI elements in periodic table, such as CdS, CdSe, 
CdTe, CdS/ZnS, CdSe/ZnS, and CdSeTe/ZnS. QDs exhibit 
physical dimensions smaller than the exaction Bohr radius 
according to their bulk form [24-26]. QD have a metalloid 
core, the wavelength of fluorescence emitted depends on 
the composition and size of this metal core. The nanocrystal 
core may be subject to photochemical degradation, which 
may cause toxic effects. Usually the core structure consists 
of cadmium selenide (CdSe), cadmium telluride (CdTe), 
indium phosphate (InP) or indium arsenate (InAs), etc. 
[27]. The QD core is surrounded by an external coating. 
This coating material is usually an amphiphilic polymer, 
which increases solubility in biologically compatible media. 
QDs may have an outer layer (or "shell") of zinc sulphide 
(ZnS) between the core and the coating, to reduce leaching 
of metals from the core and improve photo-stability. Figure 
1 shows a diagram of the general structure of QDs [28].

Potentially, QDs could be used widely for many biolog-
ical applications, because of their unique physicochemical 
properties. In spite of the beneficial properties of QDs, the 
potential harmful health effects may be a concern. These 
concerns are related to the fact that these materials contain 
heavy metals, such as Cd, As, Zn, Pb, etc. Assessing exposure 
routes and potential toxicity of QDs is not a simple matter. 
Furthermore, not all QDs are alike, and toxicity would de-
pend on multiple physicochemical as well as environmental 
factors [23]. Many questions remain to be answered before 
QDs move into broader biomedical applications especially 
for in vitro or in vivo sensing/imaging. For safe application 
of QDs in a clinical context, understanding the response of 
humans to QDs is critical [29,30]. In the past years, seve-
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Figure 1: General structure of quantum dots (modified from 
[28]).
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and heart diseases, which are the leading causes of death 
in the human population [46-48]. Results of in vitro and 
in vivo studies of the genotoxicity of QDs are summarized 
in Table 1 and Table 2. Data indicate that QDs, having 
different surface coatings and sizes, may elicite different 
effects in various organisms and cells. In the next section, 
different studies of QD-induced genotoxicity involving 
various in vitro and in vivo systems are presented.

DNA damage: The Comet assay or "single-cell gel elec-
trophoresis" is an assay which measures DNA damage in 
a single eukaryotic cell. Recently, genotoxicity of QDs was 
evaluated using the Comet assay. Nagy, et al. performed a 
study in primary normal human bronchial epithelial cells 
using negatively or positively charged QDs coated with 
mercaptopropionic acid (MPA) or cysteamine (CYST) 
[49]. Results showed that CYST-CdSe QDs induced cyto-
toxic effects accompanied by DNA strand breakage. On the 
other hand, MPA-CdSe QDs induced a high number of 
DNA strand breaks but did not induce reactive oxygen spe-
cies (ROS) production and cytotoxicity. This DNA damage 
was accompanied by the presence of p53 binding protein 
1 (53BP1) in the nuclei of exposed cells. Aye, et al. repor-
ted the genotoxic effects using the Comet assay on Chinese 
hamster ovary cells (CHO-K1) [50]. Results showed that 
QDs, in dark conditions, were genotoxic in the Comet as-
say.

In sunlight conditions, QDs exhibited genotoxic ef-
fects using the Comet assay. This DNA-damaging activ-
ity was suppressed partially by l-ergothioneine. Polyeth-
ylene glycol (PEG) modified and uncoated CdSe/ZnS 
QDs were evaluated in terms of cytotoxicity and geno-
toxicity as well as oxidative stress for 24 hrs in human 
skin epithelial cells (HSF-42) [51]. The results showed 
that the uncoated CdSe/ZnS QDs induced DNA damage, 
with ROS at least partially involved in this process, while 
CdSe/ZnS QDs with PEG coating exhibited no genotox-
icity in the Comet assay. This study concluded that the 
genotoxicity and ROS generation induced by of QDs 
could be significantly decreased following proper surface 
modification, such as PEG encapsulation.

Another study by Pathakoti, et al. evaluated the effects 
of CdSe/ZnS QDs with different surface coatings or fun-
ctional groups in the immortalized human keratinocyte 
HaCaT cell line [52]. Amine-polyethylene glycol and am-
phiphilic polymer coated QDs did not induce cytotoxicity 
but polyethylenimine coated CdSe/ZnS QDs were highly 
cytotoxicity. Furthermore, these QDs exhibited genotox-
icity in HaCaT cells with the DNA damage being highest 
with the polyethylenimine coated CdSe/ZnS QD (620 nm 
wavelength) at 10 nmol/L concentration. Polyethylenimi-
ne coated CdSe/ZnS QDs (530-580 nm wavelength) also 
showed significant genotoxicity based on the increase in tail 
moment, percent DNA, and tail length at 1 and 0.2 nmol/L 

type of damage, its extent and persistence [37]. Primary 
genotoxicity is induced in the absence of an inflammatory 
response, while secondary genotoxicity is mediated throu-
gh the activation of inflammatory cells, for example neu-
trophils and macrophages, which can generate substantial 
amounts of reactive species [38]. Furthermore, while direct 
genotoxicity can result from physical interactions of the par-
ticulate material with DNA, indirect genotoxicity can result 
from increased ROS generation upon interaction with oth-
er cellular components (e.g. mitochondria, cell membrane, 
etc.), resulting indepletion of intracellular antioxidants [39]. 
In this manner, ROS, produced by physiological cellular 
pathways, may accumulate and cause DNA damage. The 
alteration can have direct or indirect effects on DNA: the in-
duction of mutations, mistimed event activation, and direct 
DNA damage leading to mutations. Various types of DNA 
mutations are known. Mutations of key loci within the ge-
netic code are the molecular hallmark of cancer. These key 
genes can be divided into proto-oncogenes that stimulate 
cellular growth and proliferation (e.g. K-ras), and tumour 
suppressor genes that inhibit proliferation or are involved 
in DNA repair (e.g. p53). In addition to their role in car-
cinogenesis, DNA mutations can cause various pathologies 
and can modulate susceptibility to disease. Mutations can 
involve relatively small sequences, involving single genes, or 
can occur on a larger scale. Examples of small-scale muta-
tions are point mutations (i.e. transition or transversion), 
in which one nucleotide is replaced by another; insertions, 
which add nucleotides to the genetic code; and deletions, 
which remove nucleotides from DNA. Mutations can also 
affect chromosomal structure another endpoint of genotox-
icity. Chromosomal aberrations are caused by clastogenic 
chemicals. Chromosome aberrations can either be structur-
al (clastogenic) or numerical (an eugenic). The micronucle-
us (MN) assay is considered a sensitive tool to determine 
chromosomal damage induced by clastogenic (DNA break-
age) or aneugenic (abnormal segregation) processes, while 
the alkaline Comet assay enables the identification of DNA 
strand breaks (single and double) [40,41]. DNA damage, 
such as double-strand breaks (DSBs), threatens the integ-
rity of chromosomes and viability of cells. Unrepaired or 
misrepaired DSBs can lead to mutations, chromosome re-
arrangements, cell death and cancer [42-45].

In vitro genotoxicity of Qds
Quantum dots (QDs) have many potential clinical 

and biological applications because of their advantages 
over traditional fluorescent dyes. However, the genotox-
icity potential of QDs still remains unclear. Assessment 
of genotoxicity is considered a useful tool for under-
standing of the potential carcinogenic risk of QDs. In ad-
dition, mutations in somatic cells are not only involved 
in the carcinogenesis process but also play a role in the 
pathogenesis of artery diseases, such as atherosclerosis 
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Citations 
(references)

Quantum dot types 
and sizes

Concentration/
Exposure time

In vitro systems Toxicity/Genotoxiciy 
assays

Findings

Aye, et al. 
[50]

CdSe/ZnS 
core-shell QDs 
encapsulated by 
fusogenic lipid 
(1,2-dioleoyl-
sn-glycero-3-
phosphocholine 
(DOPC)) and 
functionalized by 
a nucleolipid N-[5'-
(2',3'-di-oleoyl) 
uridine]-N',N',N'-
trimethyl ammonium 
tosylate (DOTAU)

CdSe/ZnS-DOPC/
DOTAU

In vitro

Chinese hamster 
ovary cell line 
(CHO-K1 cells)

WST-1 assay

Comet assay

Micronucleus assay (MN)

Protective effect of l-er-
gothioneine (ERT) on geno-
toxicity of QDs was studied 
in Comet assay.

In dark and light conditions 
QDs showed genotoxic ef-
fects in the Comet assay

This QDs induced MN fre-
quencies in MN assay (in 
dark conditions)

Aye, et al. 
[50]

CdSe/ZnS-DOPC/
DOTAU

In vitro

Salmonella 
typhimurium tester 
strains A97a, 
TA98, TA100 and 
TA102 were used

Salmonella/Microsome 
assay

Non-mutagenic in all 
experimental strains both 
light and dark conditions

Ju, et al. [13] CdSe/ZnS QDs 
coated with PEG 
and uncoated CdSe/
ZnS QDs

8-80 nM In vitro

Human skin 
fibroblasts (HSF-
42)

Neutral Comet assay

γH2AX foci assay

Intracellular (ROS) 
measurement with using 
2',7'-dichlorofluorescin 
diacetate (DCFH-DA) 
assay

Uncoated QDs caused sig-
nificant DNA damage in a 
time and dose dependent 
manner both the neutral 
Comet assay and γH2AX 
foci formation but PEG 
coated QDs decreased 
DNA damage

Pathakoti, et 
al. [52]

1) CdSe/ZnS plus 
amphiphilic polymer 
coating with COOH 
on the surface.

2) CdSe/ZnS plus 
amphiphilic polymer 
coating and PEG 
coating with-NH2 on 
the surface.

3) CdSe/ZnS 
plus amphiphilic 
polymer and PEI 
(polyethilenimine) 
coating with primary, 
secondary and 
tertiary amine on the 
surface (for 3 types 
of them with 530, 
580 and 620 nm 
wavelength)

Exposure to 
the various 
concentrations

of QDs for 24 hrs 
for Comet assay 
(0.2, 1, 5 and 
10 nm/L) ROS 
mesurements 
(5,10, and 20 
nm/L) and MTT

In vitro

Human adult 
low calcium high 
temperature 
(HaCaT) cells

MTT

Comet assay

Intracellular (ROS) 
measurement with using 
2',7'-dichlorofluorescin 
diacetate (DCFH-DA) 
assay

The QDs toxicity can 
be attributed to the PEI 
surface coating which 
was highly toxic to cells in 
comparison with PEG and 
significant DNA damage 
occurred in the HaCaT 
cells after exposure to QEI 
QDs

Table 1: In vitro QDs genotoxicity studies.
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Munari, et al. 
[53]

CdS QDs and silver 
sulphide (Ag2S) 
coated with methyl 
polyethylene glycol 
(M-PEG).

0.01-1 µg/mL 
concentrations 
for 24 and 48 hrs 
exposure

In vitro

rainbow trout cell 
line

(RTG-2)

LDH, trypan blue

Comet assay

Genotoxicity CdS QD 
showed significant 
genotoxicity with a 
concentration response 
trend in the sub-toxic 
concentration range (0.01-
1 µg/ml) after 24 hrs. No 
genotoxicity was observed 
in CdS QDs exposed 
RTG-2 cells after 48 hrs.

Katsumiti, et 
al. [56]

CdS QDs (about 5 
nm)

Bulk and ionic form 
of CdS

0.001-100 mg 
Cd/L

In vitro

Mytilus 
galloprovincialis 
Mussel gill cells 
and hemocytes

MTT (Thiazolyl blue 
tetrazolium bromide)

NT (Neutral Red)

Comet assay

All forms of CdS (QD, 
bulk and ionic) caused 
DNA damage and ROS 
production

Nagy, et al. 
[49]

CdSe QDs 
coated with 
mercaptopropionic 
acid (MPA)

CdSe QDs coated 
with cysteamine 
(CYST)

3 nm

Negatively 
charge MPA-
QDs 20 and 
160 µg/mL 
(non-cytotoxic 
concentration for 
Comet assay)

Positively charge 
CYST-QDs 0.5 
and 20 µg/mL 
(non-cytotoxic 
concentration for 
Comet assay) for 
24 hrs exposure

In vitro

primary normal 
human bronchial 
epithelial cells

Comet assay

DNA damage verify by 
presence of nuclear foci 
as a result of increased 
expression of 53 BP1

CYST-CdSe QDs induced 
DNA strand breakage 
with cytotoxicity, MPA-
CdSe QDs induced 
DNA strand breakage 
with no cytotoxicity and 
ROS (Reactive Oxygen 
Species) production

Manshian, et 
al. [64]

CdSe/ZnS core/
shell with amine and 
carboxyl-functional 
ligands attached to 
the surface (core 
and shell diameter 
average was 4-10 
nm)

0, 2.5, 5, 7.5, 10, 
15 and 20 nM 
dispersions of 
QDs for 1 or 3 
cell cycles.

In vitro

Human bronchial 
epithelial cells 
(BEAS-2B),

Human foreskin 
fibroblast (HFF1)

Human 
lymphoblastoid-B 
(TK6)

Cytokinesis-blocked 
micronucleus (CBMN) 
assay

Carboxyl functionalised 
QDs induced micronuclei 
frequencies both HFF1 
and TK6 cell lines for 1 cell 
cycle period but only in 
TK6 cells induced MN for 
3 cell cycle period. Further 
while amine functionalised 
QDs induced MN by 
concentration in HFF1 
cells up to 10 nM but 
no MN induction was 
determined both QDs type 
in BEAS-2B cells

Wang, et al. 
[88]

CdTe QDs 1, 10, and 50 µg 
/mL exposed for 
12 hrs treatment

γH2AX foci DNA damage observed but 
presence of an antioxidant 
molecule N-acetyl-cysteine 
(NAC) DNA damage was 
decreased

Tang, et al. 
[90]

CdSe coated with 
mercaptoacetic 
acid-MAA

0.043, 0.13, 0.4, 
1.2, and 3.6 
µmol/L for 2 hrs

In vitro

Plasmid pUC18 
DNA

plasmid transformation 
assay

Dose-dependent DNA 
damage was observed 
according to investigators' 
opinion Cd-MAA complex 
in the solution of MAA-
QDs may interact with 
DNA through the groove-
binding mode and also 
Cd-MAA complex has 
an innate tendency to 
damage plasmids with a 
high AT content or an AT-
rich region
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conditions. Results showed that QDs in a dark condition 
were mutagenic in MN, but not in sunlight conditions. The 
uptake and toxicity of negatively and positively charged 
CdSe: ZnS QDs of the same core size but with different sur-
face chemistries (carboxyl or amine polymer coatings) were 
investigated in full and reduced serum containing media 
following 1 and 3 cell cycles. Gross chromosomal damage 
was quantified with the cytokinesis-blocked micronucleus 
(CBMN) assay in three different cell lines namely, epithelial 
(BEAS-2B), fibroblast (HFF-1), and lymphoblastoid (TK6) 
cells [64]. These cells represented the 3 main portals of NP 
exposure: pulmonary, dermal, and circulatory. Results 
showed that only the carboxyl-QD induced chromosomal 
damage in full serum containing media. The carboxyl-QDs 
resulted in a significant increase in MN frequency at several 
exposure concentrations in both TK6 and HFF-1 cells after 
1 cell cycle exposures. HFF-1 cells showed a concentration 
dependent increase in MN following exposure to amine-
QDs up to 10 nM in media with reduced serum. No MN 
was detected in BEAS-2 cells exposed to either of the QDs. 
The mechanisms underlying the cytotoxic and genotoxic 
effects of the QDs were subsequently examined, focusing 
on the nature of the DNA damage, the effect of oxidative 
stress, and secondary mechanisms. Results revealed that 
TK6 cells seem to be the most sensitive, especially given the 
lower level of cell-associated QDs, indicating the cells were 
unable to tolerate even low levels of internalized QDs. Car-
boxyl-QDs induced genotoxicity, oxidative stress, and mi-
tochondrial damage especially in high concentrations. The 
carboxyl-QDs did not impart any chromosomal damage 
in the HFF-1 cells, while amine-QDs induced a significant 
induction of MN after 1 cell cycle, which was absent follow-
ing 3 cell cycles. This difference in NP toxicity points out 
the importance of physicochemical characteristics as well 
as other factors (for example exposure media composition 
and serum content, plus the exposure duration) in different 
studies [64].

The Ames Salmonella/microsome mutagenicity assay 
(Salmonella test or Ames test) is a short-term bacterial re-
verse mutation assay specifically designed toevaluate whet-
her a wide range of chemical substances can produce genet-
ic damage that leads to gene mutations. Studies to evaluate 
the mutagenic effects of QDs by the Ames test arethus far 
limited in number. Aye, et al. reported no mutagenic effects 
of a QD nanoplatform (QDsN) in Salmonella assay, consist-
ing of CdSe/ZnS core-shell QDs encapsulated by a natural 
fusogenic lipid (1,2-dioleoyl-sn-glycero-3-phosphocholine 
(DOPC) and functionalized with a nucleolipid N-[5'-(2',3'-
di-oleoyl)uridine]-N',N',N'-trimethylammonium tosylate 
(DOTAU) [50].

In addition, PCR analyses revealed upregulation of DNA 
damage and response genes, as well as, several proinflam-
matory cytokine genes. Furthermore, transcriptome se-

concentrations. Conversely, DNA damage was insignificant 
as shown by the tail length at 1 nmol/L concentration of 
polyethylenimine coating CdSe/ZnS QDs (580 nm) and 5 
nmol/L concentrations of polyethylenimine coating CdSe/
ZnS QDs (530 and 620 nm wavelength). In summary, this 
study showed DNA damage in the HaCaT cells after ex-
posure to polyethylenimine coating CdSe/ZnS QDs. This 
damage may be attributed to increase in ROS production 
and a subsequent decrease in mitocondrial membrane po-
tentials [52]. CdS QDs and silver sulphide (Ag2S) coated 
with methyl polyethylene glycol (M-PEG) were studied in 
a rainbow trout cell line (RTG-2) [53]. CdS QD exhibited 
significant genotoxicity with a concentration response in 
the sub-toxic concentration range (0.01-1 µg/mL) after 24 
hrs. However, no genotoxicity was observed in CdS QDs 
exposed RTG-2 cells after 48 hrs. This finding may be as-
sociated with the well-known pro-apoptotic effect of Cd 
[54]. Indeed, apoptotic low-molecular-weight DNA frag-
ments are not detected by the alkaline Comet assay, since 
highly damaged cells are lost from the gel during electro-
phoresis [55]. However, DNA repair cannot be ruled out 
as responsible for restoring DNA integrity [53]. Katsumiti, 
et al. reported that CdS QDs as well as bulk CdS and ion-
ic Cd increased DNA damage in mussel haemocytes and 
gill cells Mytilus galloprovincialis [56]. These results are in 
agreement with those of other researchers on the effects of 
CdTe QDs in freshwater mussels [57]. Comparing the gen-
otoxic effects observed in the two cell types, hemocytes were 
slightly more sensitive than gill cells in the Comet assay. In 
both hemocytes and gill cells, CdS QDs were less genotoxic 
than ionic Cd but produced more DNA damage at lower 
concentrations than with bulk CdS exposure. Privezentsev, 
et al. suggested that Cd genotoxicity occurs mainly by sin-
gle strand breaks in DNA through direct cadmium-DNA 
interactions as well as by the action of incision nucleases 
and/or DNA-glycosylase during DNA repair [58]. The in-
crease in ROS produced by CdS QDs exposure could also 
contribute to the DNA damage, since ROS generated in the 
mitochondria and from other sources, can cause serious 
damage to lipids, proteins and DNA [59,60]. CdS QDs have 
also been shown to deplete antioxidants and protein-bound 
sulfhydryl groups [61-63]. Thus, it was concluded that the 
toxicity of CdS QDs in mussel hemocytes and gill cells may 
involve ROS production [56].

Generally, chromosomal damage is assessed using the 
chromosomal aberration assay or by the micronucleus test 
(MN). These assays evaluate structural chromosomal alter-
ations using a microscope or the formation of micronuclei, 
which can be formed when a part of a chromosome is bro-
ken. Aye, et al. reported the clastogenic effects of a new QD 
nanoplatform (QDsN), consisting of CdSe/ZnS core-shell 
QDs encapsulated by a natural fusogenic lipid (DOPC) 
and functionalized by DOTAU [50]. The micronucleus test 
on CHO-K1 cells was conducted in bothdark and sunlight 
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al. in several organs of rats (brain, liver, kidneys, lungs and 
testicles) after intraperitoneal (I.P.) injection of CdSe/ZnS 
with DOPC/DOTAU (5.5 × 10-1, 5 × 10-2 and 5 × 10-3 g/kg 
concentrations) [69]. DNA damage in the different organs 
was measured by the Comet assay 24 hrs after the QD in-
jection. Genotoxic effects were observed in the brain and 
liver, andonly at the highest QD concentrationin testicles. 
CdSe/ZnS with DOPC/DOTAU caused clastogenic effects, 
increasing the frequency of micronucleation in rat blood 
reticulocytes (MNRET) 24 hrs post exposure. No genotoxic 
effects were seen in the kidney or lungs of rats.

Another in vivo study [70], male mice were exposed to 
CdSe modified with mercaptoacetic acid (MAA) with or 
without doping with 1% cobalt ions. Mice were exposed 
intraperitoneally for two and seven days at concentra-
tions of 500, 1000, and 2000 mg/kg, and genotoxic effects 
evaluated by MN. Results show that following two days 
exposure the high dose of doped MAA-QDs induced 
genotoxicity,with both doped and undoped MAA-QDs 
increasing DNA damage.

Alaraby, et al. showed in Drosophila, using the Comet 
assay, that both Cd QDs and CdCl2 showed a significant 
dose-dependent increase in DNA strand breaks regard-
less of their chemical composition, which suggested that 
the observed effects were related to the presence of Cd2+ 
ions [71]. Alaraby, et al. found that CdSe QDs were able 
to penetrate the intestinal barrier of the D. melanogaster 
larvae, reaching the hemolymph, interacting with hemo-
cytes, and inducing concentration/time dependent sig-
nificant genotoxic effects using the Comet assay [71]. Al-
though a direct relationship between DNA damage and 
Cd2+ was observed, the underlying mechanism was not 
determined.

In digestive glands and gills of fresh water mussels (El-
liption complanata), cadmium-telluride (CdTe) QDs, re-
duced DNA strand breaks in gills and digestive glands [57]. 
A transient but marginal increase in DNA strand breaks 
was noted at the lowest concentration of CdTe. Similarly, 
CdTe functionalized with carboxyl groups (-COOH) (10 
µg/L) showed genotoxicity (with the micronucleus test and 
nuclear abnormalities assay) after a 14 days exposure in ma-
rine mussel Mytilus galloprovincialis [72]. The Comet assay 
indicated that soluble Cd was thecytotoxic and cytogeno-
toxic agent on Mytilus hemocytes.

In different model species, cytotoxicity and genotox-
icity of QDs were shown to be dependent on route of 
exposure and duration of QDs.

Drosophila model: D. melanogaster as an in vivo or-
ganism has proved to be a useful model for detecting 
potential harmful effects of NMs [73-78]. Drosophila has 
already been successfully used to detect the toxic effect 
of CdSe/ZnS QDs [79]. Furthermore, Alaraby, et al. used 

quencing showed that up-regulation of the metallothionein 
family of genes in cells exposed to MPA-CdSe QDs but not 
CYST-CdSe QDs [49].

In conclusion, from the genotoxicological point of view, 
it was reported that QDs exposure may produce some ad-
verse effects, including DNA and chromosomal damage in 
the Comet, MN, and chromosomal aberration assays.

Other assays: The intracellular uptake of QDs could 
disturb the oxidative balance of the cell and cause oxida-
tive stress. The production of ROS, such as superoxide, 
hydroxyl radicals, peroxide radicals, hydrogen peroxide, 
and singlet oxygen, can adversely affect cellular functions. 
Oxidative stress may cause mitochondrial malfunctions, 
as well as apoptosis. Furthermore high ROS could cause 
DNA fragmentation, breakage of the DNA double strand, 
and suppression of DNA functions, such as replication and 
transcription [39].

Expression of p53 is a good indicator of DNA damage. 
P53 is a tumour suppressor that regulates the cell cycle and 
is described as a "guardian of the genome". It prevents the 
conversion of damaged DNA to genome mutation [65]. 
Choi, et al. reported that uncoated CdTe QD activated the 
p53 genotoxic stress pathways and resulted in the up-regu-
lated transcription of Puma (p53-upregulated modifier of 
apoptosis) and Noxa (NADPH oxidase activator 1), which 
are involved in apoptosis in human breast adenocarcino-
ma cells (MCF-7) [66]. Further results showed that chro-
matin reorganization was observed in CdTe QD-treated 
MCF-7cells, and chromatin condensation was associated 
with changes in the epigenome after QD insult. Global hy-
poacetylation of histones was observed in cells treated with 
CdTe QDs for 24 hrs. This was associated with decreased 
gene transcription, and suggests a global decrease in tran-
scription, which could include anti-apoptotic genes. In this 
study, the most marked reduction of mRNA was found 
for GPx (glutathione peroxidase), which has a critical role 
in cell protection from CdTe QD-induced oxidative stress 
[66]. Anas, et al. and Green and Howman used the plasmid 
nicking assay to demonstrate that ZnS-coated QDs can also 
cause DNA breakdown and nucleobase damage due to the 
generation of free radicals both photogenerated and surface 
oxide generated [67,68].

In vivo genotoxicity of Qds
Reports indicated that different QDs display a range of 

oxidative damage and DNA effects on diverse organisms 
such as fruit fly and mice. QDs effects may vary depending 
on the test organism, evaluation parameter, particle char-
acteristics, application duration, and environmental condi-
tions. These in vivo genotoxicity results are summarized in 
Table 2.

DNA damage: Genotoxicity was evaluated by Aye, et 
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Table 2: In vivo QDs genotoxicity studies.

Citations

(references)

Quantum dot types 
and sizes

Concentration/
Exposure time

In vivo 
systems

Toxicity/
Genotoxiciy 
assays

Findings

Aye, et al. 
[69]

CdSe/ZnS-DOPC/
DOTAU

5.5 × 10-1,

5 × 10-2 and

5 × 10-3 g/kg for 
24 hrs

In vivo

QDs 
injectioned 
by peritoneal 
cavity in 6-7 
week-old 
(200-225 g) 
adult Sprague-
Dawley male 
rats

Comet assay

Micronucleus 
(MN)

Blood 
reticulocytes 
(MNRET)

In Comet assay QDs injection, gen-
otoxic effects were observed in the 
brain and liver and, only for the high-
est QDs concentration, in testicles. 
No genotoxic effect was seen in the 
kidney and lung.
The micronucleated peripheral re-
ticulocyts (MNRET) test showed a 
dose response induction of micro-
nuclei

Khalil, et al. 
[70]

CdSe (average size 
5.0 ± 0.2 nm) modified 
with mercaptoacetic 
acid (MAA) doped 
and undoped with 1% 
cobalt

500, 1000, and 
2000 mg/kg by 
weight for two 
and seven days

In vivo

Male mice

DNA damage 
MN DNA adduct 
(8-hydroxy-2 
deoxyguanosine, 
8-OHdG)

For two days exposure: 2000 mg/
kg concentration of MAA-CdSe was 
significantly induce DNA damage, 
MN formations, and generation of 
DNA adduct (8-OHdG) For seven 
days exposure: However, increasing 
DNA damage and the frequency of 
MN formation and the generation of 
DNA adducts were observed with 
both the undoped MAA-CdSe (2000 
mg/kg) and doped MAA-CdSe (1000 
and 2000 mg/kg)

Alaraby, et 
al. [71]

CdSe QDs (Lumidot™ 
CdSe) with (3-3.5 nm)

Final 
concentrations 
were 0.48, 2.4, 
12, 48 and 240 
µg/g food for 
CdSe QDs

In vivo

D. 
melanogaster

Somatic 
mutation and 
recombination 
test-SMART

Comet assay

In the Comet assay CdSe QDs 
caused a significant dose-dependent 
increase in DNA strands breaks In 
SMART assay genotoxic effect was 
observed

Gagné, et al. 
[57]

CdTe QDs 1.6, 4, and 8 
mg/L exposed 
24 hrs

In vivo

Freshwater 
mussels Elliptio 
complanata

Olive's alkaline 
DNA precipitation 
and lipid 
peroxidation

DNA strands breaks reduced in 
gills at ˂ 1.6 mg/L and in digestive 
glands, a transient but marginal 
increase in DNA strand breaks 
occurred at the lowest concentration 
and dropped significantly at the 
higher concentrations

Rocha, et al. 
[72]

CdTe coated by 
carboxyl groups 
(-COOH) (2-7 nm 
diameter)

10 µg/L

14 days

In vivo Comet assay

Micronucleus test 
(MN) 

Nuclear 

Abnormalities 
assay

Chromosomal damage induced 
by both Cd forms after 14 days of 
exposure was analyzed by MN and 
nuclear abnormalities assay

QDs are more genotoxic than Cd2+ in 
the first 7 days of exposure while the 
opposite occurred at the end of the 
experiment in Comet assay

Galeone, et 
al. [79]

CdSe-ZnS QDs with: 
mercaptoundecanoic 
acid (QD-MUA), 
polymer coating with 
poly-maleic anhydride 
octadecene (QD-PC) 
and polymer and 
polyethylene glycol 
(PEG) coating (QD-
PC-PEG) QD-MUA (15 
± 1.5 nm) QD-PC (23 ± 
1.6 nm) QD-PEG ( 25 
± 1.5 nm)

Fed for seven 
days with food 
containing the 
CdSe-ZnS QDs 
0.02 µg/g Cd per 
day

In vivo

Hemocytes 
of third instar 
larvae of D. 
melanogater

Annexin V/PI 
assay (to reveal 
apoptotic and/
or necrotic cell) 
TUNEL assay 
(to reveal DNA 
damage)

CdSe-ZnS QDs caused DNA 
damage and apoptosis in Drosophila 
hemocytes % DNA damage was 
compare control samples and results 
are below:

QD-MUA 23%,

QD-PC 14%

QD-PC-PEG 9%
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protection and DNA damage response [71]. Previous stud-
ies with Drosophila demonstrated changes in gene expres-
sion in response to NPs exposure [81-83] and QDs [83]. 
Up-regulation of Hsp genes is important to counteract pro-
teotoxic effects via chaperoning proteins during synthesis, 
folding, assembly and degradation and give preliminary 
information on the potential effects of exposure to foreign 
substances. Chang, et al. postulated that CdSe-core QD sup-
pressed Hsp 90 in human cells and, accordingly, they have 
observed similar results related to expression of Hsp 70 and 
Hsp 83 in Drosophila [84]. Antioxidant capacity of cells is 
the first line of defence line to maintain oxidant/antioxidant 
balance. Drosophila showed an antioxidant response to the 
exposure to Cd QDs by significantly increasing expression 
of SOD mRNA, especially at the highest dose. This would 
agree with results obtained with CdSe QDs in solution [85] 
and in the epithelial A549 (human lung carcinoma) and the 
neuronal SH SY5Y (human neuroblastoma) cell lines [83]. 
In addition, Alaraby, et al. reported that CdCl2 induced-
ed significant expression of catalase (CAT) at all doses of 
CdSe QDs. In contrast, SOD expression was inhibited [71]. 
The inhibition effect of cadmium on SOD might be due to 
protein conformation changes interfering with the enzyme 
[86].

Mechanisms of QD genotoxicity
Water-soluble, cysteine-capped CdSe (15 nm) DNA 

damage was observed at a concentration of 200 µg/mL 
of CdSe QDs [87]. Furthermore, these CdSe QDs in-
duced aggregation of blood platelets in a dose dependent 
manner. Mercaptopropionic acid (MPA) or cysteamine 
(CYST) CdSe QDs were tested in primary normal human 
bronchial epithelial cells [49]. MPA-CdSe QDs induced a 
high number of DNA strand breaks but did not induced 
ROS production or cytotoxicity. In contrast, both cyto-
toxicity and genotoxicity of CdTe QDs in human um-
bilical vein endothelial cells (HUVECs) was associated 
with ROS production [88]. Nagy, et al. [49], assumed 
that DNA damage was driven largely by expression of 
pro-inflammation factors that promote DNA damage, 
while Wang, et al. [88] showed that CdTe-induced DNA 
damage was reduced, in the presence of an antioxidant 
molecule, namely N-acetyl-cysteine (NAC). They con-
cluded that CdTe QD-induced cytotoxic and genotoxic 
effects were due to ROS generation. On the other hand, 
some NPs and QDs can bind to DNA strongly with high 
affinity, inhibit DNA replication, and cause genotoxic ef-
fects [89].

A study by Tang, et al. revealed the direct chemico-bi-
ological interactions between DNA and mercaptoacetic 
acid-coated CdSe core QDs (MAA-QDs) [90]. They used 
the plasmid transformation assay as a functional tool to de-
termine the genotoxic damage caused by nano-engineered 

D. melanogaster to detect toxic and genotoxic effects as-
sociated with CdSe QD exposure [71]. Additionally, in-
direct genotoxic effects of CdSe/ZnS QDs in Drosophila 
showed positive effects of CdCl2 in midgut cells by the 
tunnel assay [79,80].

Other assays: Gagné, et al. investigated the genotoxic 
effect (DNA strands breaks) and oxidative stress (lipid per-
oxidation) effects of cadmium-telluride (CdTe) QDs (0, 1.6, 
4 and 8 mg/L) on freshwater mussels, Elliption complanata, 
in digestive glands and gills [57]. Results showed that lipid 
peroxidation was significantly increased at a threshold con-
centration of 5.6 mg/L in gills and significantly reduced in 
digestive glands at a threshold concentration < 1.6 mg/L 
CdTe. DNA strand breaks were significantly reduced in 
gills at < 1.6 mg/L CdTe. In digestive glands, a transient but 
marginal increase in DNA strand breaks occurred at the 
lowest concentration and dropped significantly at the high-
er concentrations [57]. On the other hand, immunotoxicity 
was revealed by a significant decrease in hemocyte viability.

Galeone, et al. studied CdSe-ZnS QDs with different 
surface coatings, namely mercaptoundecanoic acid (QD-
MUA), polymer coating with poly-maleic anhydride oc-
tadecene (QD-PC) and polymer and polyethylene glycol 
(PEG) coating (QD-PC-PEG) in Drosophila hemocytes 
using the TUNEL assay (to highlight DNA damage) and 
Annexin V/PI assay (to analyze the presence of apoptot-
ic and/or necrotic cells) after a 7-day feeding exposure 
[79]. They reported genotoxic effects and an increase in a 
apoptotic hemocytes. CdSe-ZnS QDs with different sur-
face coatings affected the lifespan of treated Drosophila 
populations and induced a marked increase in reactive 
oxygen species (ROS). The authors suggested that gen-
otoxic and toxic effects were the result of release of Cd2+ 
ions, and that coating the QDs can modulate their bio-
accumulation in the organism, partly but not completely 
decreasing their overall toxicity.

An in vivo study was conducted with male mice using 
CdSe modified with mercaptoacetic acid (MAA) with or 
without doping with 1% cobalt ions. Mice were exposed for 
two and seven days at concentration of 500, 1000 and 2000 
mg/kg and genotoxic effects evaluated by measurement 
of DNA oxidant damage (8-hydroxy-2-deoxyguanosine, 
8-OHdG). Results show that following two days exposure 
the high dose of doped MAA-QDs induced genotoxicity. 
Also both doped and undoped MAA-QDs increased DNA 
damage for the highest concentration exposure. Investiga-
tors indicated that pure or doped MAA-QDs or MAA-QDs 
may cause genotoxicity in vivo by free radical-induced oxi-
dative stress process [70].

To address the molecular response to QD exposure, 
Alaraby, et al. have monitored changes of expressionof dif-
ferent types of genes related to general stress, antioxidant 
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different cell lines namely, epithelial (BEAS-2B), fibro-
blast (HFF-1), and lymphoblastoid (TK6) cells [64]. Only 
minimal cytoplasmic ROS was detected, mainly in HFF-1 
cells exposed to the carboxyl-QD and TK6 cells exposed to 
amine-QDs. No observable mitochondrial membrane per-
meability effects were seen in HFF-1 or TK6 cells exposed 
to any of the QDs in full serum conditions. In contrast, a 
significant and concentration related increase in MMP was 
found in TK6 and HFF-1 cells treated with carboxyl-QDs 
in reduced serum containing media. In this study, the po-
tential inflammatory effects of the QDs were also evaluat-
ed by determining the release of either IL-8 or TNF-a by 
TK6, BEAS-2B, or HFF-1 cells exposed to amine- or car-
boxyl-QDs. The cells were exposed to the QDs for 24 hrs 
over a broad concentration range (0, 2.5, 5, 7.5, 10, or 15 
nM), but no increase in IL-8 or TNF-a release could be ob-
served for any QD type at any concentration. In the light of 
all these findings, researchers proposed that differences in 
cellular response to QD exposure could partly be due to the 
mechanisms by which they impart cellular stress [93,94]. 
However, Manshian, et al. showed that no significant in-
duction of ROS was detected in any of the treatments of 
QDs [64]. These observations differ from those of Soenen, 
et al. where ROS induction was found after exposure to the 
same commercially available carboxyl-QDs [94]. This dif-
ference could be due to the very different cell types used 
(HUVEC, PC12, and C17.2 cells), possessing important 
differences in anti-oxidative capacity [94]. This differenc-
escould also be due to differences in the assay used to de-
termine ROS. It is well known that quantitative analysis of 
ROS can be affected by the intracellular presence of high 
levels of thiyl or sulfinyl radicals formed by glutathione, 
which can scavenge ROS [95]. Although genotoxic effects 
were seen in the TK6 cells following exposure to QDs, the 
limited induction of ROS in TK6 cells correlates with the 
fact that largely aneugenic responses were detected (as ox-
idative stress typically induces clastogenicity) [96]. Thus, 
the intrinsic homeostatic differences in different cell types 
could be of particular importance in understanding the 
potential toxicity imparted by specific NMs. On the oth-
er hand different factors, such as charge, exposure media, 
cell lines etc., could also be responsible for the different 
mechanistic processes underlying cellular damage. For 
instance, carboxyl-QDs induced a significant concentra-
tion-dependent increase in MMP, while amine-QDs did 
not appear to cause such a change. These effects were only 
detected in reduced serum condition in both HFF-1 and 
TK6 cells. Consequently, this could suggest a role of the 
protein corona, which might influence the uptake mechan-
ics of these NPs [64]. Ju, et al. used 2',7'-dichlorofluorescin 
diacetate (DCFH-DA) to determine the role of ROS in the 
induction of DNA damage [51]. Cells were first incubated 
with a ROS scavenger, N-acetylcysteine (NAC), for 2 hrs 
followed by CdSe/ZnS QDs. Uncoated QDs caused signif-

materials. After exposure with different concentrations of 
MAA-QDs (0.043, 0.13, 0.4, 1.2, and 3.6 µmol/L) in dark 
conditions, DNA conversion of the covalently closed cir-
cular (CCC) DNA to the open circular (OC) DNA was 
significantly enhanced (from 13.9% ± 2.2 to 59.9% ± 12.8), 
while the residual transformation activity of plasmid DNA 
was greatly decreased (from 80.7% ± 12.8 to 13.6% ± 0.8) 
in the plasmid transformation assay. Results indicate that 
the DNA structure and biological activities were affected 
by MAA-QDs in a concentration-dependent manner. Cir-
cular dichroism spectroscopy and transformation assay 
results suggested that the Cd-MAA complex may interact 
with DNA through the groove-binding mode and preferred 
binding to DNA fragments with high adenine and thymine 
content. According to the Tang, et al. changes in DNA con-
figuration and biological activities were detected via agarose 
gel electrophoresis [90]. Genetic transformation and the in 
vitro interaction of the Cd-MAA complex with DNA was 
investigated by a quantitative analysis method. Tang, et al. 
reported that the Cd-MAA complex formed in the solution 
of MAA-coated CdSe QDs has an innate tendency to dam-
age plasmids with a high AT content or an AT-rich region 
through a groove-binding mode, and therefore affect the 
biological activity of DNA [90].

According to Katsumiti, et al. in mussel hemocytes and 
gill cells, both ROS production and catalase (CAT) activity 
increased at lower Cd concentrations in three types of Cd 
(ionic Cd, bulk, and CdS QDs-5 nm) [56]. The lower disso-
lution of Cd from both CdS forms (lower availability of Cd 
ions) may result in a lower potency to promote oxidative 
stress. Results showed that CdS QDs and bulk CdS led to an 
increase in CAT activity in hemocytes but not in gill cells. 
This could be related to the fact that maximum ROS produc-
tion occurred earlier in hemocytes than in gill cells or there 
is different antioxidant capacity in the two cell types, since it 
is well known that hemocytes play a vital role in the detox-
ification of metals through the sequestration and accumu-
lation in the endolysosomal system [91,92]. Bulk CdS could 
affect both ROS production and CAT activity through the 
extracellular release of free Cd. Given the small size of QDs 
tested (5 nm), CdS QDs could affect ROS production and 
CAT activity not only by releasing extracellular Cd ions, 
but also by entering the cells through endocytic pathways 
and then interacting with different cell organelles (e.g. mi-
tochondria and lysosomes) and/or by releasing intracellular 
free Cd ions. Indeed, Katsumiti, et al. showed that CdS QDs 
were found in the endolysosomal system of hemocytes [56].

Surface charge and coating material change the QDs ef-
fects. For example, the uptake and toxicity of negatively and 
positively charged CdSe/ZnS QDs of the same core size but 
with different surface chemistries (carboxyl or amine poly-
mer coatings) were investigated in full and reduced serum 
containing media following 1 and 3 cell cycles and in three 
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thereby promote "safer by design" QDs. On the other hand, 
QDs can be activatedby lighttogenerate ROS, which can 
cause cytotoxicity due to photo-oxidative processes. For 
instance, Tang, et al. found that unmodified CdSe QDs inc-
reased ROS production, which led to elevated cytoplasmic 
calcium levels [109]. Another study showed that cadmium 
selenide (CdSe) QDs generates singlet oxygen in vitro [110]. 
The mechanisms by which ROS may be generated by QDs 
can be summarized by analogy with the well-known Type 
1 and 2 classifications of organic photosensitizers [111,112]. 
In Type 1 photo-oxidative or photo-reductive pathways, 
photo-induced electron transfer reactions take place which 
generate intermediates, including ROS such as superoxide 
radical anions. In Type 2 reactions, energy transfer takes 
place directly with molecular oxygen generating highly re-
active singlet oxygen (1O2) [113,114]. Photo-induced for-
mation of ROS by QDs in solutions and phototoxic effects 
on cells, have been reported using a range of techniques, 
although contrasting results have been observed. Ipe, et al. 
carried out studies on free radical generation in aqueous 
solutions by photo-irradiation of CdS, CdSe and CdSe/ZnS 
QDs [85]. Using electron paramagnetic resonance (EPR) 
spectroscopy and a fluorometric assay, they showed that 
photo-activated CdS and CdSe QDs stabilized with mer-
captoacetic acid ligands generated hydroxyl and superoxide 
radicals, whereas under the same conditions ROS genera-
tion using CdSe/ZnS QDs was not detectable. Green and 
Howman reported that nicking of double-stranded DNA in 
the presence of CdSe/ZnS QDs after illumination induced 
the generation of free radicals, as evidenced by electron spin 
resonance (ESR) [68]. However, the authors failed to assign 
the observed ESR signals to a specific radical species. Clarke, 
et al. reported that UV irradiation of QD-dopamine con-
jugates (QDs: CdSe/ZnS) resulted in DNA damage of cells 
due to electron transfer from QDs to dopamine followed by 
oxidation of dopamine [115]. Similarly, Liang, et al. demon-
strated calf thymus DNA (ctDNA) damage with water solu-
ble CdSe QDs [116], and Rajendran, et al. showed that pro-
tein-conjugated CdS QDs under UV illumination generat-
ed significant amounts of hydrogen peroxide [117]. Anas, 
et al. described photo-sensitized damage of plasmid DNA 
using CdSe/ZnS QDs with various capping layers [67]. Cho, 
et al. showed that exposure of MCF-7 (breast adenocarcino-
ma) cells to CdTe QDs decreased cellular metabolic activity 
due to the presence of Cd2+ ions and resultant generation of 
ROS [118]. Some studies showed phototoxic effects on cells 
treated with mercaptopropionic acid-capped CdSe/ZnS 
QDs and InP QDs [119,120]. In a systematic study using 
a range of techniques including ESR, they found evidence 
for superoxide generation but not singlet oxygen (1O2). Us-
ing CdSe/ZnS QDs conjugated with dopamine, enhanced 
ROS generation was observed. In addition, the potential of 
CdSe/ZnS QDs to participate in Type 1 photochemical pro-
cessesand generate superoxide was shown by oxygen con-

icant γH2AX foci formation in a time and dose dependent 
manner and ROS generation initially increased following 
high dose treatment. According to this study, the lack of 
observed toxic effects from PEG-coated QDs may be due 
to the fact that PEG-coating can reduce ROS generation.

ROS, degradation of metal core, coatings and/or func-
tionalization: According to Hardman [23], the toxicity of 
QDs is affect by their physicochemical properties and envi-
ronmental conditions: charge, size, concentration, coating 
materials, stability, etc. For example, some QDs exhibit cy-
totoxic effectsafter degradation of their core material, while 
other QDs exhibittoxic effects due to their coating materi-
als [23]. Biological applications of QDs are limited because 
they are insoluble in water. To overcome this problem, 
surface functionalizationis often employed to improve wa-
ter solubility [97]. Water-soluble functional molecules (e.g. 
dithiothreitol, mercaptocarbonic acids, 2-aminoethanethi-
ol, dihydrolipoic acid, oligomeric phosphines, peptides, and 
cross-linked dendrons) have been used as a coating material 
for improved water solubility by a ligand exchange reaction 
or encapsulation [98]. After solubilization, QDs may be 
functionalization via conjugation with different biological 
molecules (e.g.avidin, biotin, oligonucleotides, peptides, an-
tibodies, DNA and albumin) to recognise specific biological 
targets [99]. Some functional groups can also be added to 
QDs to make them water soluble. Thus, the toxic and gen-
otoxic effects of QDs can be altered by such coatings. For 
example, polyethilene glycol (PEG) tends to decrease the 
toxicity of QDs. However, some functional groups or coat-
ing layers may also be cytotoxic or genotoxic. Thus careful 
consideration should be given when selecting these modi-
fications. In addition, purification of the material is an im-
portant factor in its toxicity, as crude QDs coated with car-
boxyl groups prepared only by membrane filtration caused 
greater DNA damage than purified QD-COOH [100].

The toxicity and genotoxicity of QDs may derive from 
their intrinsic properties, such as size and surface chemis-
try. More importantly, since QDs are efficient energy do-
nors [101,102], they can transfer energy to nearby oxygen 
molecules, and induce the generation of ROS, which in turn 
leads to cell damage or death [103]. QD induction of ROS 
has also been frequently reported in different studies. ROS 
have been shown to damage cells by peroxidizing lipids, al-
tering proteins, disrupting DNA, interfering with signalling 
functions, and modulating gene transcription [104,105]. 
Mechanisms proposed for QD-induced ROS include the 
reactivity of surface-located transition metals [106], leach-
ing of free Cd2+ ions [107], and direct interaction of QDs 
with mitochondria [106,108]. Release of Cd2+ ions is gener-
ally considered to be a main cause of QD-induced cellular 
toxicity. Therefore, the use of stabilizing coatings, passivat-
ing shell layers, and the development of cadmium-free QDs 
are all being investigated in order to reduce Cd2+ release and 
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Many QD preparations produced characteristic signs 
of Cd toxicity that were weakly correlated with metal-
lothionein (MT) expression, suggesting that QDs were 
slightly degraded in vivo. QDs are based on heavy metals, 
such as cadmium, zinc, and lead [101]. The toxic effects of 
QDs are known to be related to the release of Cd ions from 
the QDs [138-140]. Cd2+ ions have been shown to induce 
toxicity in zebrafish larvae. Indeed, using MT gene induc-
tion as an indicator of Cd2+ release, these studies were able 
to detect breakdown of QDs after absorption by the larvae. 
Zhang, et al. reported the effects of joint exposure of zebra-
fish embryos and larvae to cadmium selenide (CdSe) QDs 
and copper ion (Cu2+) [141]. Their findings revealed that 
QDs facilitated the accumulation of copper ions in zebraf-
ish. QDs caused higher mortality, lower hatch rate, and 
more malformations. In addition,embryo cell apoptosis 
occurred in the head and tail region and indicated a syner-
gistic effect of joint exposure to CdSe QDs and copper ions. 
Cd QDs continually biodegrade and, as consequence, free 
Cd2+ is continuously released and the size of the QDs be-
comes smaller during the degradation process [142,143]. As 
consequence the fluorescence emission shifts from red to 
blue and the excitation fluorescence peak becomes broad-
er [144]. These results were verified by Alaraby, et al. who 
reported aslight shift from blue to red and broadening of 
the fluorescence peak upon internalization of Cd QDs, in-
dicating their biodegradation [71]. QDs may be degraded 
after several days within living cells [28]. This degradation 
maybe due to low pH or oxidation of QD surface [70]. In a 
study, where QDs were administered orally to Drosophila 
larvae, transit through the low pH conditions of the gastric 
tract can contribute to QD degradation [71].

QDs effects on gene products and other cellular struc-
tures: High doses of Cd can affect the repair of oxidative-
ly damaged DNA by SOD-dependentdown-regulation of 
p53 activity [86]. Studies by Son, et al. and Xu, et al. indi-
cate that exposure of neuronal and epithelial cells to Cd 
increased the levels of ROS and SOD [134,137]. Alaraby, et 
al. later found that CdSe QDs had a similar effect in vivo 
[71]. P53 plays a key role in cellular genotoxic stress re-
sponse by acting as a transcription factor to elicit cellular 
functions of DNA repair, cell cycle arrest, and apoptosis. 
P53 is normally accumulated in the nucleus and converted 
into an active DNA-binding form to control several sets of 
genes, which prevent the proliferation of DNA-damaged 
cells [145]. Over-expression of p53 has been observed after 
Drosophila larva exposure to Cd QDs [71,83]. In contrast 
Cd2+ exposure of human breast MCF-7 cancer cellsresulted 
in impaired p53 functions, such as conformational changes, 
loss of DNA binding activity, down regulation of transcrip-
tional activity, and inhibition of gamma radiation induced 
responses [146]. It appears that expression of p53 might de-
pend on the level of free Cd2+, which would differ between 
Cd QDs and CdCl2 exposure. On the other Alaraby, et al. 

sumption [121]. QD toxicity can be altered by surface mod-
ifications [100,122], suggesting that reactive surfaces may 
play a role in QD-induced cytotoxicity. PEG-coated CdSe/
ZnS QDs are widely used in biomedical applications for in 
vitro and in vivo labeling, since PEG confers water solubility 
and minimizes uptake by organs of the reticulo endotheli-
al system. PEG coating tend to decrease QD-induced ROS 
production. Some reports show report survival of cells load-
ed with QDs for weeks without alteration of cell growth and 
division [123]. However, other studies indicate that high 
concentrations of QDs can impair embryonic develop-
ment [124]. It has been shown that exposure of the CdSe 
core to oxidative environments causes the decomposition 
and release of Cd2+ [33,122], a well known toxic ion [34]. 
Qu, et al. demonstrated that QDs could be readily engulfed 
by macrophages, resulting in intracellular ROS generation. 
PEG-NH2 coated QDs had a greater capability to enter the 
J774A.1 cells and decrease cell proliferation [125]. In additi-
on, polymer coated QDs have been shown to accumulate in 
mouse bone marrow, spleen, and liver for at least 4 months 
after systemic administration [126]. To further search for 
the mechanism responsible for the cytotoxicity caused by 
QD-PEG-NH2 particles, Qu and colleagues examined the 
intracellular localization of QDs [125].

Drosophila hemocytes have been used as amodel to 
demonstrate oxidative stress induction [76], as well as 
innate immune response and DNA damage in vivo [127-
129]. For this reason, hemocytes have been used to eva-
luate the effects of different chemicals in many studies. 
Alaraby, et al. showed that Cd-containing QDs increased 
ROS production in Drosophila hemocytes although to a 
lesser extent than after exposure to CdCl2 [71]. It has been 
proposed that changes in intracellular ROS levels may be 
due to the semiconducting properties of CdSe used and 
involvegap and valence/conduction band energy levels 
[130]. Further, the numbers of atomson the QD surface 
increases rapidlywith decreasing particle size, leading to 
an increase of dangling bonds that are prone to combine 
with other atoms to become saturated and stable; hence, 
the surface of QDscan behighlychemical reactive [131]. 
Generally, the toxic effects of QDs in Drosophila have 
beenrelated to an elevationof ROS [79]. ROS induction 
by QDs in human cultured cells has been related to the 
nature of the included ligands and the presence of free 
Cd2+ [132]. The proposal that ROS is free Cd2+ dependent 
is supported by several studies [133-135]. Generation of 
excessive ROS would overwhelm the antioxidant defense 
system and shift the redox balance of the cell. The result-
ant oxidation could damage cellular biomolecules, such 
as DNA, leading to heritable mutations [136]. For in-
stance, the chemical modification of histones (or binding 
proteins that support the supercoiled structure of DNA) 
opens the coiled DNA and allows its alteration [137], in-
directly resulting in genetic damage.
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andtime of exposure. In the literature, these factors in-
fluence the degree of agglomeration and sedimentation 
of the QDs in media or biological system andinfluence-
interaction with the target cells. The latter translates it-
self in differences in cytotoxicity and genotoxicity that 
do not always directly correlate with the quantity of in-
ternalized material, but are also strongly influenced by 
the intrinsic cellular capacity for handling internalized 
foreign material, which is cell type dependent. To make 
the QDs water-soluble different coating materials have 
been used. This sometimes makes QDs more or less toxic 
and genotoxic [e.g.reduced QDs toxicity involved coat-
ing their surface with biocompatible molecules such as 
polyethylene glycol (PEG)]. Also the size of QDs can de-
termine the biological fate [148]. Studies with different 
sizes of QDs have shownthat thecytotoxicity of QDs was 
reduced by increasing particle size [34]. There are many 
factors that influence the distribution of QDs in tissue/
organ, such as QD size, QD core-shell materials, and the 
bioactivity of conjugated or coated functional groups.

Future Perspectives
Over time, more information has become available re-

garding the toxicity and genotoxicity of QDs. However, 
knowledge gaps remain and additional studies are still re-
quired to truly advance our knowledge in this area, especial-
ly in the case of in vivo applications where further research 
is required to critically evaluate risk. Each type of QD has its 
own unique physicochemical properties, which determine 
potential toxicity. Along with composition, the physical and 
surface characteristics of the QDs play a major role in de-
termining toxicity. These characteristics include size, shape, 
surface charge, and surface coverage (coatings, chemically 
conjugated molecules). For this reason detailed character-
ization of QDs must be conducted. A toxicity study per-
formed with larger-size semiconductor particles cannot be 
used to assess the toxicity of QDs, since size likely affects 
the toxicity of QDs. Similarly, the surface charge of the QDs 
has a pronounced impact on toxicity. Furthermore, some 
QDs have been found to cytotoxic only after oxidative and/
or photolytic degradation of their core [149]. QD dosages 
and concentrations reported in the literature vary in their 
units (e.g., mg/mL, M, mg/kg, or number of QDs per cell), 
and correlating dosage across current studies is usually dif-
ficult and sometimes impossible. As mentioned above, the 
majority of the mass of a QD formulation is often made up 
of the organic molecules encapsulating the inorganic na-
nocrystal. However, dosages and concentrations are often 
reported in terms of the total mass, including the organic 
component [30].

Another, important field involves the ecological effects 
of different QDs. For instance, Werlin, et al. revealed that 
QDs can be transferred from prey to predator in a typi-
cal food chain [150]. Furthermore, the QDs were shown 

reported in Drosophila a significant dose-dependentin-
crease in DNA strand breaks related to the presence of Cd2+ 
ions [71]. However, the underlying mechanism was not 
clear. Cadmium has been demonstrated to amplify the in-
tensity of damage by interfering with the DNA repair NER 
pathway [147]. Further, single strand breaks in DNA may 
involvedirect cadmium-DNA interactions, as well as the ac-
tion of incision nucleases and/or DNA-glycosylase during 
DNA repair [56]. As noted in earlier sections, although gen-
otoxic effects were seen in the TK6 cells following exposure 
to QDs, the limited induction of ROS in TK6 cells correlates 
with the fact that largely aneugenic responses were detect-
ed (as oxidative stress typically induces clastogenicity) [96]. 
So the intrinsic homeostatic differences in variouscell types 
could be of particular importance in understanding the pos-
sible toxicity imparted by specific NMs. Other factors that 
may play a role in QD induced toxicity in this study include 
QD surface charge, exposure media composition, serum 
content, and exposure duration. For example, HFF-1 cells 
demonstrated no cytotoxicity following exposure to amine 
QDs; yet significant cell death was observed when the cells 
were exposed to high concentrations of carboxyl-QDs for 3 
cell cycles [64].

Agglomeration: QDs may agglomerate or aggregate, 
when they are injected into the body. In general, agglom-
eration indicates more loosely bound QDs and aggregation 
suggests tightly bound QDs (typically occurring during en-
capsulation of QDs within a polymer micelle). QDs might 
agglomerate due to the high ionic strength of blood, which 
shields the repulsion between the charges of QDs. The QD 
community has not devoted much attention to agglomera-
tion of QDs in vivo, even though agglomeration would be 
expected to affect nanotoxicity by changing the size, sur-
face area, and sedimentation properties of the QDs. Many 
QD formulations may agglomerate in the body before they 
reach their desired targets, but this has not been clearly 
demonstrated [30]. Carboxyl- and amine-QDs with a sim-
ilar core size demonstrated different degrees of agglom-
eration according to their surface chemistry. Amine-QDs 
were found to agglomerate into large structures, whereas 
the carboxyl-QD agglomerates were smaller. The degree of 
agglomeration also depended largely on the nature of the 
cell culture media and the amount of serum present. These 
differences in agglomeration appear to lead to asignificant 
change in the resultant cellular interactions. The high in-
ternalization of carboxyl-QDs also resulted in greater in-
duction of genotoxicity, oxidative stress, and mitochondrial 
damage [64].

In conclusion, QD-induced cytotoxicity and genotox-
icity are strongly affected by a multitude of parameters 
for example: differences in cell type or organisms, the 
nature of the QD surface chemistry orproperties includ-
ing, shell, core and coating material features, the degree 
of QD agglomeration in media of various compositions, 
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mal studies should evaluate the deposition, translocation, 
and clearance of QDs following various routes of exposure. 
Effects of physicochemical properties of the QDs and coa-
tings should be evaluated.

To date the mechanistic links between elevated ROS 
levels and toxicity or genotoxicity are not fully defined. 
It is important to further investigate endpoints and sig-
naling pathways influenced by ROS induction. Parame-
ters, such as mitochondrial metabolism (using fluores-
cent probes such as JC-1), lipid or protein peroxidation, 
cytoplasmic calcium levels, cytoplasmic redox state (by 
measuring glutathione levels), DNA defects with differ-
ent assays, or signaling pathways for control of prolifera-
tion or apoptosis should be studied to shed light on pos-
sible mechanisms inducing toxic and genotoxic effects of 
QDs [152].

Results suggest that the genotoxic potential of QDs 
is dependent upon their physicochemical characteristics, 
such as core size, shell or cap material size and properties. 
Effort should be made to relate the genotoxic potency of 
QDs to specific physicochemical properties by careful 
modifying a given property at a time. Effort should also 
be made to systematically evaluate how test conditions, 
such as serum content of media, cell type, or agglomera-
tion state affect in vitro results [64].

With in vivo studies, it is important to determine dif-
ferences in QD deposition, fate, clearance, and effect after 
exposure by different routes, such as i.v, i.p, inhalation, or 
oral. To what degree do responses in Drosophila inform re-
sults of rats or mice?

In summary, it is therefore important that future studies 
focus on investigating the genotoxicity of a range of QDs in 
parallel, assessing several DNA damage endpoints to deter-
mine the true impact of specific physicochemical features 
and elucidate the mechanisms of genotoxicity of QDs. To 
date most studies have been based on acute in vitro and in 
vivo genotoxicity assays.There is a need to conduct extend-
ed in vivo carcinogenicity investigations in the future. It is 
known that substances which induce genotoxicity are pos-
sible carcinogens, but this needs to be confirmed in appro-
priate studies for QDs. Thus, carcinogenicity assessments 
are now required to determine if their genotoxic impact is 
sufficient to initiate tumorigenesis and to establish the long-
term health effects following exposure to QDs.

In conclusion, there is no doubt about the benefits 
that the use of quantum dots provides to medical and 
pharmaceutical sciences, which can be described as rev-
olutionary. However, since these new materials contain 
heavy metals, a deep knowledge of their potential harm-
ful effects is urgently required to allow the safe applicati-
on of these unique particles.

to be bioaccumulated resulting in higher concentrations 
within organisms then in the environment. CdSe core, 
ZnS shell, and polymer layer (COO-) QDs accumulate 
in organisms and may be delivered to other organisms 
via the food chain. Therefore, QDs may be released to 
the environment and have the potential to cause risks to 
humans and the ecosystem. A study using Astasia longa 
(protozoa), Moina macrocopa (cladoceran), and Danio 
rerio (fish) as model organisms, representing an aquat-
ic food chain, showed a three-level trophic transfer of 
QDs in an aquatic environment [151]. In another study, 
Zhang, et al. reported the effects of joint exposure to Cd-
Se QDs and copper ion (Cu2+) on zebrafish embryo and 
larvae [141]. Results show toxic effects. Different QDs 
are emitted into the environment and they can interact 
with different metals or chemical compounds. For this 
reason in the future, different combinations of the QDs 
and different metals or chemicals should be evaluated to 
obtain more realistic exposure schemes for QDs in the 
environment and determine their effects on different 
species.

Mammalian exposures to QDs should include cardio-
vascular (eg. blood pressure, heart rate and electro cardiog-
raphy), respiratory and other organ system measurements. 
Various route of exposure and fate within the animal model 
should be investigated. For example, Yong, et al. injected 
QDs into monkeys and reported neurotoxicity [30]. Also, 
some researchers suggest that specific immune histochem-
istry assays can be used to assess hepatotoxicity even thou-
gh hepatic histopathological evaluation may not observe an 
inflammatory response. Genetic analysis, such as real-time 
polymerase chain reaction (q-RTPCR), can be performed 
on the tissue samples to investigate sub-clinical alterations 
in inflammatory gene regulation. The QD research com-
munity should investigate the impact of QD formulations 
and exposure route on translocation of QDs to various tis-
sues. The translocation-induced toxicity can occur through 
different mechanisms. An example is the translocation of 
QDs into the brain. If QDs with appropriate ligands on 
their surface are introduced into blood circulation by i.v in-
jection, they may cross the brain blood barrier (BBB) and 
enter the brain. The ability to cross the BBB can be due to-
the small size or PEG coatingof QDs, or due BBB leakage 
resulting from interaction with QDs. Neuronal cells in the 
central nervous system are sensitive to stresses, because of 
their extensive, very thin, and fragile extensions, and they 
are also very sensitive to oxidant stress. Any inflammato-
ry response developed by the QDs can cause neurological 
disorders. On the other hand, pulmonary toxicity by will be 
most pronounced when the NPs are introduced by instil-
lation or inhalation within the respiratory tract. This may 
be more important for workplace exposures resulting from 
preparation of large quantities of NMs as powders that can 
be aerosolized during handling [30]. For these reasons, ani-
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