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Abstract
Background: Increased applications of quantum dots (QDs) in biomedical �eld have aroused attention for
their potential toxicological effects. Although many studies have been carried out on the toxicity of QDs,
their effects on reproductive and development are still unclear. In this study, we systematically evaluated
the male reproductive toxicity and developmental toxicity of CdSe/ZnS QDs in BALB/c mice.

Results: The male mice were injected intravenously with CdSe/ZnS QDs at the dosage of 2.5 mg/kg BW
or 25 mg/kg BW, respectively, and the survival status, biodistribution of QDs in testes, serum sex hormone
levels, histopathology, sperm motility and acrosome integrity was measured on Day 1, 7, 14, 28 and 42
after injection. On Day 35 after treatment, male mice were housed with non-exposed female mice, and
then offspring number, body weight, organ index and histopathology of major organs, blood routine and
biochemical tests of offspring were measured to evaluate the fertility and offspring health. The results
showed that CdSe/ZnS QDs could rapidly distribute in the testis, and the �uorescence of QDs could still
be detected on Day 42 post-injection. QDs had no adverse effect on the structure of testis and epididymis,
but high-dose QDs could induce apoptosis of Leydig cells in testis at an early stage. No signi�cant
differences in survival of state, body weight organ index of testis and epididymis, sex hormones levels,
sperm quality, sperm acrosome integrity and fertility of male mice were observed in QDs exposed groups.
However, the development of offspring was obviously in�uenced, which was mainly manifested in the
slow growth of offspring, changes of organ index of main organs, and the abnormality of liver and kidney
function parameters.

Conclusion: Our �ndings revealed that CdSe/ZnS QDs were able to cross the blood-testis barrier (BTB),
produce no discernible toxic effects on the male reproductive system, but could affect the healthy growth
of future generations to some extent. In view of the broad application prospect of QDs in biomedical
�elds, our �ndings might provide insight into the biological safety evaluation of the reproductive health of
QDs.

Background
Quantum dots (QDs) is a kind of semiconductor nanocrystal (2–20 nm), which has unique optical and
electrical characteristics such as narrow and symmetrical emission spectrum, adjustable size and
material composition [1]. It has been gradually developed into a new type of �uorescent probe, bringing
changes to biological imaging and disease diagnosis [2, 3]. In recent years, the application of QDs in
biological and biomedical �elds has been explored, and their application range depends largely on the
e�cacy and toxicology [4]. However, because of the potential toxicity from heavy metals, the biosafety of
QDs with heavy metals as the core, especially Cd2+ (cadmium) such as CdSe (cadmium selenide) and
CdTe (cadmium telluride) has attracted great attention of the researchers [5, 6, 7]. Although many
progress has been made in it, the potential toxicity of Cd-based QDs has not been fully elucidated.
Therefore, it is extremely important to evaluate its toxicological properties systematically and in detail
before applying it to biomedicine.
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The toxicity of QDs depends on their physical and chemical properties and environmental conditions,
such as the size, charge, concentration, coating biological activity, oxidation, photolysis and mechanical
stability [8]. Recently, more and more attention has been paid to the reproductive toxicity of QDs in
spermatogenesis, because it has been found that QDs can cross the blood-testis barrier [9]. They caused
hormone level changes, testis tissue structure damage, seminiferous tubules deformation, sperm number
reduction, and ultimately led to spermatogenesis dysfunction [10]. In the male reproductive system, testis,
the primary gonadal organ, especially its internal spermatocytes, are more sensitive to exogenous
stimulation [11]. For instance, Qu et al. found although MPA-CdSe@ZnS QDs had no obvious toxic effect
on nematodes in short term, it could lead to late toxicity such as fertilization di�culty and damage of
fertilized eggshell in the long term [12]. Li et al. found that CdTe QDs could accumulate in the testis of
mice after tail vein injection, reduce the sperm quality of mice and cause the change of sex hormone
level, including serum testosterone (T), luteinizing hormone (LH) and follicle stimulating hormone (FSH)
[13].

In our previous study, we evaluated the immunotoxicity of CdSe/ZnS QDs in vitro (macrophage cell line
RAW264.7 and mouse spleen lymphocytes) and in vivo (BALB/c mice) [14]. Our results indicated that
exposure to CdSe/ZnS QDs could disturb the function of immune cells and interfere the immune
response towards external stimuli. In vivo distribution analysis showed that strong �uorescence signals
from QDs could be observed in the liver and spleen of mice, and weak �uorescence signals from QDs
were detected in the lung, heart, kidney and brain. It is well known that male reproductive system is more
sensitive and vulnerable to various stress such as heavy metals, exogenous compounds and
nanoparticles (NPs) than other organ systems[15, 16]. However, the toxicity of CdSe/ZnS QDs to the male
reproductive system and development of offspring over multiple generations is still unknown till now.
Hence, in this study, we systematically investigated the male reproductive and developmental toxicity of
CdSe/ZnS QDs after intravenous injection. The survival status of mice, biodistribution in testes, serum
sex hormone levels, histopathology and sperm motility and acrosome integrity were observed at 1, 7, 14,
28 and 42 days after injection. The fertility and offspring development were also assessed after the QDs-
treated male mice were housed with non-exposed female mice. Through the systematic evaluation of the
reproductive toxicity and developmental toxicity of CdSe/ZnS QDs, our research may provide further
understanding of the biosafety of QDs, which is of great signi�cance.

Results And Discussion
Characterization of CdSe/ZnS QDs

The structure, particle diameter and optical properties of CdSe/ZnS QDs used in this study were
characterized and showed in Figure 1. The TEM image (Fig. 1A) indicated the CdSe/ZnS QDs were
ellipsoidal in shape, with uniform morphology and no obvious aggregation. The diameter of QDs was
about (6.11 ± 1.03) nm (minor axis) × (11.01 ± 1.77) nm (major axis) according to the statistical results
of TME image. The average hydrodynamic diameter determined by DLS was about (10.60 ± 1.25) nm
(Fig. 1B), and the zeta potentials were - (22.15 ± 2.18) mV. As shown in Fig. 1C, the �rst absorption peak
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of CdSe/ZnS QDs was about 650 nm. The PL spectrum demonstrated that the emission spectrum was
narrow and symmetrical, with the emission peak was about 655 nm following excitation at 450 nm.

The biological effects and toxicity of QDs are up to many factors, such as exposure concentration,
administration route, exposure time, immune clearance ability, et al. The physical and chemical properties
(chemical composition, particle size, shape and structure, surface modi�cation and charge, etc.) of QDs
will also affect their biological effects after they enter the body. It is well known that male reproductive
system is more sensitive and vulnerable to various stress such as heavy metals, exogenous compounds
and NPs than other organ systems[15, 16]. Amiri et al. reported that intraperitoneal injection of 40 mg/kg
CdSe/ZnS QDs could lead to the reduction of testicular lamina propria, the destruction in interstitial
tissue, deformation of seminiferous tubules, the decrease in number of granulocytes, spermatocytes and
spermatids in BALB/c mice [17]. However, the knowledge about the reproductive toxicity and
developmental toxicity induced by QDs remain insu�ciency. In this study, we systematically and
comprehensively study the potential reproductive and developmental toxicity of CdSe/ZnS QDs towards
male mice and their offspring after single intravenous injection.

Biodistribution of CdSe/ZnS QDs in testes

When QDs were injected intravenously into the body, they were transported to various organs along with
blood circulation. In view of the good photoluminescent properties and stability of QDs, cryosection
�uorescence microscopy technology was used to observe the biodistribution of QDs in testes. The
representative results were shown in Figure 2. After exposure of 2 nmol/kg BW QDs, the �uorescence of
QDs could be observed in testicular tissue sections, showing a red, bright and uniform punctate pattern.
As time went on, the �uorescence intensity appeared to be decreasing gradually. No �uorescence was
observed in the tissue sections of the control group. To quantitatively study the time-course of PL
intensity of QDs in the testes, average PL intensity of each image �eld from multiple sections taken from
several animals (n = 3) was measured and the results were shown in Figure. S1. The integrated PL
intensity of QDs was the highest on the �rst day following administration, and then began to decline, but
the �uorescence could still be detected on the 42nd day. These results indicated that QDs could penetrate
the blood-testis barrier (BTB) and then reached and accumulated in the testis structure through blood
circulation. BTB is a kind of physical barrier between testicular blood vessels and seminiferous tubules,
which can prevent some substances from entering into the seminiferous epithelium, form and maintain
the microenvironment conducive to spermatogenesis. Noteworthy, there is increasing evidence that NPs
can successfully penetrate the BTB and may have potential adverse effects on the reproductive system
[18]. The accumulation of QDs in testicular tissue indicated that there was an interaction between QDs
and biological barrier, leading to the uptake and distribution of QDs [19]. Yan et al. CdTe QDs could pass
through the outer membrane of the silkworm's gonad, produce reactive oxygen species (ROS) in
membranes of spermatocysts and internal germ cells, and affect the reproductive system [20]. Zhao et al.
found that the �uorescent NPs derived from roasted pork could distribute rapidly in the testis of mice
within 24 hours after oral administration [21]. Furthermore, tissue distribution of NPs largely depends on
the size and surface modi�cation. It has been reported that negative charged QDs are more likely to
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accumulate in organs because they may interact with and absorb to proteins in the blood [22]. Smaller
NPs are also thought to be more likely to penetrate the BTB and then enter the testes. Park et al. reported
small-size silver nanoparticles (AgNPs) could be distributed to testis while large-sized AgNPs were not
detected in testicles when mice were orally given different size AgNPs [23]. In this study, we also found
that the CdSe/ZnS QDs with negative charge and small particle size could pass through the BTB and
distribute in testis tissue. After QDs cross the BTB and enter testicular tissue, they may interfere with male
reproductive health which needs to be further evaluated.

Body weight and organ weight/BW coe�cients

We monitored the effects of different exposure dose of CdTe/ZnS QDs on the behavior, food intake, urine,
feces and body weight of mice over the whole experimental period. No abnormal changes were observed
after exposure of QDs. Figure 3A presented the body weight of mice recorded within 42 days post-
injection. The body weight of mice in the high-dose group, low-dose group and the control group showed
comparable increasing trends. Bilateral testes and epididymides were dissected and weighted carefully
when mice were sacri�ced at different predetermined time points. Testicular index and epididymis index
were calculated and the data was shown in Figure 3B and 3C respectively. No statistical signi�cance was
observed in testicular index and epididymis index among the high-dose group, low-dose group and the
control group. These results suggested that CdTe/ZnS QDs had good biocompatibility and did not disturb
the growth of mice. It is well known that the �uctuation of body weight and organ index is considered to
be useful indicators for qualitative assessment of chemical toxicity in vivo. Normally, the ratio of organs
to body weight is stable. After the animal is poisoned, the weight of the damaged organs can be altered,
so the organ coe�cient also changes. Consistently, many previous studies showed that QDs treatment
would not cause changes in body weight or organ weight. For instance, Su et al. found that there was no
signi�cant changes in the body weight of mice over 80 days after the injection of 0.2 nmol CdTe QDs,
although QDs could be distributed to major organs of mice such as liver, kidney, spleen [24]. Based on the
data of body weight and organ index of mice obtained from different QDs, it is suggested that the overall
toxicity of QDs in mice is relatively low

Histopathological changes in testis and epididymis

In order to study the reproductive toxicity of CdSe/ZnS QDs on male mice, the histopathology of testis
and epididymis was analyzed to determine whether QDs itself or its degradation products could cause
tissue lesions or in�ammation. Mice treated with QDs or normal saline were sacri�ced at 1, 7, 14, 28 and
42 day(s) post-injection. Both sides of testicles and epididymides were detached carefully, embedded in
para�n, sectioned and stained with hematoxylin and eosin. Representative images were shown in Figure
4. Mice treated with QDs exhibited normal seminiferous tubules with germinal epithelium and
spermatogenesis when compared with the control group. Above results suggested that CdSe/ZnS QDs
did not cause signi�cant histopathological changes in testis and epididymis. The hispathological
changes caused by NPs in vivo may be linked to the size, physicochemical properties and dosage. In a
recent reports, Mata et al. reported that AgNPs and AuNPs with the size of 1-25 nm did not induce any
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pathological changes in the testes of Wistar rats after 28 days of continuous oral administration [25].
However, Kong et al. reported that nickel NPs with the size of 90 nm could lead to exfoliation of epithelial
cells, cell disarrangement, apoptosis and death in seminiferous tubule when rats were treated with a
higher dose (45 mg/kg BW) [26]. TUENL assay were used to observe the apoptosis cells of testis in this
study. As shown in Figure 5, the apoptotic cells were labeled green by FITC and mainly located in the
Leydig of testis. The apoptotic index on Day 1 and 14 of high-dose QDs group was signi�cantly higher
than that of the control group. The results shows that although QDs had no adverse effect on the tissue
structure in testes, they caused apoptosis of Leydig cells on Day 1 and 14, which could recover on Day
28.

Changes in sex hormone levels

While histology provided macroscopic and visual evidence, detection of serum hormone levels was
critical to evaluate the reproductive toxicity of CdSe/ZnS QDs on male mice. The hypothalamic –
pituitary – gonadal (HPG) axis is a branch that controls the secretion of sex hormones. Individually
among males, the hypothalamus secretes gonadotropin releasing hormone (GnRH), which is transported
to the pituitary, making the pituitary secrete and produce LH and FSH. Finally these hormones are
transported to testes via the blood. The process of spermatogenesis is regulated by all hormones on the
HGF axis. LH stimulates Leydig cells to release T, while FSH and T stimulates Sertoli cells to regulate
spermatogenesis by secreting various factors affecting Leydig cell function [27, 28]. The HPG axis of
male is regulated by many factors. Exposure to environmental toxins may lead to changes in
spermatogenesis and fertility [29]. In the present study, levels of serum T, FSH and LH at different
sampling times after administration were measured and the results were shown in Figure 6(A-C). Serum
LH levels exhibited time-dependent changes. The increase in LH levels in high-dose QDs group on Day 14
was observed initially compared with the low-dose QDs group and control group. However, there were no
differences in LH levels among the three groups on Day 28 and Day 42. In addition, no statistical
differences were observed in serum FHS levels and T levels among the high-dose QDs group, low-dose
QDs group and the control group at throughout the observation period. Only high dose QDs can affect
serum LH level in a short period of time, and then quickly return to normal level, while FSH level and T
level did not affect by QDs under our exposure conditions. The above results indicated that the
accumulation of QDs in male mice had little effect on the physiological function of HGF axis in mice.

Effects on the quality of sperm

Spermatogenesis is a complicated process which includes the proliferation and differentiation of
spermatogonia, meiosis, and spermatogenesis [30]. Spermatozoa are produced in the seminiferous
tubules of mouse testes and transported to the epididymides for maturation. The quality of epididymal
sperm directly affects the reproductive capacity of human and animal and the health of offspring. It has
been reported that nanomaterials can affect spermatogenesis, resulting in abnormal sperm morphology
and low sperm function [9, 31]. Zhang et al. reported that Mn3O4 NPs with the size of 20 nm could
signi�cantly reduce the sperm quality of rats, and ultimately lead to the decline in fertility after repeated
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intravenous injection for 120 days [32]. Describing the movement parameters of each sperm under a
microscope can comprehensively evaluate sperm quality. Studies have shown that BCF, LIN and VCL are
sensitive indexes of male reproductive toxicity. The changes of these parameters can indirectly re�ect the
activation of sperm in vivo under the condition of capacitation in vitro, which is related to the penetration
of oocytes [26, 33]. In order to determine the toxic effect of CdSe/ZnS QDs on spermatogenesis, sperm
was collected from the cauda epididymis of mice at 28 and 42 days post-injection, and the sperm quality
was detected in the present study. As shown in Figure 7(A-J), the sperm motility of mice in QDs exposed
group was signi�cantly higher than that of the control group on Day 28 and Day 42. The MAD of sperm in
high-dose QDs group decreased on Day 28 post-injection, while there was no signi�cant difference
between the low-dose QDs group and the control group at the same sampling time. In addition, the STR,
LIN, WOB, VCL, VSL, VAP, ALH and BCF from high-dose and low-dose QDs exposed mice exhibited
similarity to those of control mice. We also examined the serum acrosin level and sperm acrosome
integrity after exposed to QDs. The detection results of serum acrosin were shown in Figure 7K. Serum
acrosin levels of mice in low-dose QDs group on Day 14 and 28 were signi�cantly higher than that of the
control group. Levels of serum acrosin in high-dose QDs group were consistent with that in the control
group. Representative images of acrosome integrity determination were shown in Figure 7L and no
obvious differences were observed between QDs exposed groups and the control group. Taken together,
the above results indicated that CdSe/ZnS QDs had no adverse effect on sperm quality and sperm
acrosome integrity.

Assessment of fertility and offspring development

The formation and maturation period of mouse sperm is about 35 days [34]. During this period,
exogenous chemicals may interfere with testicular spermatogenesis and epididymal sperm maturation,
resulting in abnormal reproductive capacity of male mice or developmental disorders of offspring mice
[35]. Zhou et al. found that the number and quality of sperm decreased, leading to a signi�cant reduction
in fertility after the male rats were treated with 10 mg/kg/week PbSe-NPs for 60 days [36]. However, some
studies have found that nanomaterials have no adverse effects on male reproductive and developmental
abilities. Zhang et al. reported that graphene QDs had no obvious effects on the structure and
physiological function of testis and epididymis of male mice, and had no adverse effect on the growth
and development of offspring after the mice were exposed to graphene QDs via oral gavage or
intravenous injection [37].

In this study, we evaluated the fertility and offspring development of male mice after intravenous
injection of different concentrations of CdSe/ZnS QDs. Seven male mice in each group were housed with
unexposed female mice at the sex ratio of 1:1 on Day 35 after exposed QDs or saline injection. The
results of fertility and offspring development were presented in Figure 8. Six of the seven females in each
group were pregnant, exhibited normal parturition and gave birth to pups successfully. No signi�cant
differences were observed in the offspring numbers and average body weight at 0-24 h after birth. In
order to evaluate the development of offspring more systematically, the body weight of offspring was
recorded every �ve days, and the data were shown in Figure 8C. The body weight of pups in the low-dose
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QDs group increased from (1.84 ± 0.31) g (PND 1) to (19.35 ± 1.49) g (PND 30), which was nearly the
same as that of the control group. However, the growth rate of pups in the high-dose QDs group was
signi�cantly lower than that in the control group from PND 20, which resulted statistical differences in the
body weight of pups between the high-dose QDs group and the control group. It should be pointed out
that the offspring of all groups of mice did not die naturally during the 30 day observation period. On
PND 10, 20 and 30, one pup was randomly selected from each litter. Main organs include heart, liver,
spleen, lung, kidney and brain were dissected carefully. The organ index was calculated and the results
were shown in Figure 8(D-F). No signi�cant differences were observed in the organ index of main organs
of offspring on PND 10 among the three groups. However, there were signi�cant differences in liver and
spleen index of offspring between QDs-exposed groups and the control group on PND 20. More organs
including heart, kidney and brain also showed statistical differences in organ index on PND 30 between
QDs-exposed groups and the control group. It suggested that CdSe/ZnS QDs had adverse effects on the
growth of offspring mice.

Furthermore, main hematological parameters, serum biochemical parameters and histopathology of the
offspring at different times after birth were also measured and the results were shown in Figure 9 and
Figure 10. Hematological examination results showed that the RBC levels and HGB levels of the pups in
QDs-exposed groups decreased signi�cantly on PND 20. Serum biochemical parameters showed that ALT
levels, UREA levels on PND 20 and UREA levels on PND 30 of the pups in high-dose QDs groups were
signi�cantly changed when compared with those of the control group. It suggested that exposure of high
dose QDs may have adverse effects on the liver and kidney function of the offspring. From the results of
histopathological examination, no hydropic degeneration was observed in the cardiac muscle tissues, no
in�ammatory in�ltrates were observed in the liver tissues, no hyperplasia or pulmonary �brosis was
observed in the spleen and lung tissues, no obvious pathological changes were observed in the kidney
and brain samples. Overall, there were no apparent histopathological abnormalities in the main organs of
the offspring after the male mice were treated with QDs. All these results demonstrated that the fertility of
male mice was not affected after the male mice were administrated CdSe/ZnS QDs via intravenous
injection. However, there was a dose-dependent effect on the development of offspring, which was mainly
re�ected in the slow growth of offspring, the alteration of organ index of main organs, the abnormality of
liver and kidney function parameters of parental male mice exposed to high concentration of QDs.

Conclusions
We mainly evaluated the male reproductive toxicity and developmental toxicity of CdSe/ZnS QDs after a
single intravenous injection in vivo. The QDs could cross over the BTB and rapidly distribute in the testis.
With the extension of observation time, the �uorescence intensity of QDs decreased gradually, while it
could be detected on Day 42 post-injection. Histopathological examination results showed that the QDs
had no adverse effect on the structure of testis and epididymis, but TUNEL assay showed that high-dose
QDs could induce apoptosis of Leydig cells in testis at an early stage which could recover as time went
on. There were no signi�cant differences in survival state, body weight organ index of testis and
epididymis, sex hormones levels, sperm quality, sperm acrosome integrity and fertility of male mice
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among high-dose QDs group, low-dose QDs group and the control group. However, it had an obvious
effect on the development of offspring, which was mainly manifested in the slow growth of offspring,
changes of organ index of main organs, and the abnormality of liver and kidney function parameters
when parental male mice exposed to high-dose of CdSe/ZnS QDs. These data demonstrated that
CdSe/ZnS QDs administered via intravenous injection produce no discernible toxic effects on male
reproductive ability, but will affect the healthy growth of offspring, which need to be paid enough
attention. Given the signi�cant potential of QDs for biomedical detection, drug delivery, and gene delivery,
we hope safer QDs will be designed and synthesized, which can greatly bene�t future clinical
applications of QDs.

Methods
Characterization of QDs

CdSe/ZnS QDs (No. Q21321MP, Thermo Fisher Scienti�c, USA) were coated with a polymer layer and
terminated with carboxyl groups. Morphology images of CdSe/ZnS QDs were analyzed by transmission
electron microscopy (TEM) (JEM-1230, JEOL LTD, Japan) with an acceleration voltage of 120 kV.
Dynamic light scattering (DLS) characterization and zeta potential was measured by zeta potential and
particle size analyzer (Brookhaven Instruments Inc., USA). Ultraviolet-visible spectroscopy (UV-Vis)
absorption spectra and PL spectra were measured by UV/Vis spectrophotometer (DU720, Beckman
Coulter Inc., USA) and �uorescence spectrophotometer (F-4600, HITACHI, Japan), respectively. All these
characterizations were kept stable at room temperature for several months.

Animals

Four to six weeks old female and male BALB/c mice were purchased from the Medical Laboratory Animal
Center (Guangzhou, China) and housed in independent ventilation cages in the animal room (relative
humidity at 60 ± 10% and a 12 hour light/dark circle). Distilled water and sterilized food were available ad
libitum. All animal treatments and experimental protocols were approved by the Laboratory Animals
Center and the Experimental Animal Ethics Committee of Shenzhen University (Permit No. AEWC-
201412012).

QDs exposure methods and sample collection

After acclimation for 1 week in the animal facility, male mice were randomly divided into 3 groups
according to the dosage of tail vein injection, high dose group (2 nmol/kg BW of CdSe/ZnS QDs), low
dose group (0.2 nmol/kg BW of CdSe/ZnS QDs), and control group (the same volume of normal saline,
100 μL per mouse). Body weight, behavior, mental status, food intake, feces were recorded carefully and
regularly after injection. At predetermined time points (1, 7, 14, 28 and 42 days) after administration,
seven mice from each group were anesthetized with iso�urane. Blood was harvested from the posterior
orbital venous plexus of mice and serum samples were obtained by centrifugation at 3500 rpm for 10
min. Then the mice were sacri�ced by cervical dislocation. Bilateral testes and epididymides were excised
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and weight for organ index calculations (organ weight/body weight). Parts of the organs were �xed in
tissue �xative solution (Wexis, China) for further histological examination, parts were embedded in
optimal cutting temperature compound (OCT, Sakura Finetek, USA) for tissue �uorescence imaging. Other
fresh tissue samples were stored at -80°C.

Fertility evaluation

To evaluate the effect of CdSe/ZnS QDs on the fertility of male mice, seven male mice from each group
were housed with non-exposed female mice at a sex ratio of 1:1 on Day 35 after injection of QDs or
normal saline. Females’ vaginal smears were examined to determine positive mating next morning. Once
fertilization was con�rmed, female mice were observed daily until days 19-21 to determine the delivery
time of pregnancy. Females were allowed to deliver spontaneously and nurse their pups until postnatal
day 20 (PND 20). Pup numbers at 0-24 h, pup weight after birth were recorded carefully. The schedule of
QDs exposure and sample collection after exposure was shown in Figure 1A.

Evaluation of health status of offspring produced by QDs-exposed mice

The weight and morphology of pups were recorded daily after birth. Offspring images during growth were
captured using a mobile phone (Mi 6X, Xiaomi Technology Co., Ltd, China). At the 20th and 30th day after
birth, one pup was randomly selected from each litter, anesthetized with iso�urane, and blood samples
were collected for hematological and biochemical analysis. Following blood collection, pubs were
sacri�ced and the main organs (heart, liver, spleen, lung, kidney and brain) were excised and weight for
organ indices calculation. Organs were �xed in tissue �xative solution for histological examination.

Tissue �uorescence imaging and histopathological examination

In order to observe the distribution of QDs in testis and epididymis, the testis and epididymis were �xed in
OCT embedding compound, and frozen at -80℃. Frozen sections (5 μm) were cut using a freezing
microtome (CM3050S, Leica, Germany). Fluorescence microscopic imaging of QDs was observed under a
�uorescent microscope (Axio Observer, ZEISS, Germany).

For histopathological analysis, tissues �xed in tissue �xative solution were dehydrated gradiently with
different concentration of alcohol in the automatic tissue dehydrator (APS300S, Leica, Germany),
embedded in para�n blocks by para�n embedding station (Leica, Germany), then cut into 5 μm thin
slices by the ultra-thin semiautomatic microtome (RM2236, Leica, Germany) and adhered to the slides.
After staining with Hematoxylin and Eosin (H&E), the tissue morphology was imaged under an optical
microscope (Axio Observer, ZEISS, Germany).

ELISA

The content of acrosin, T, LH and FSH in the serum of QDs-exposed male mice groups and the control
group were determined by enzyme linked immunosorbent assay (ELISA) according to the manufacturer’s
protocol (Shanghai Jianglai Biotechnology Co., Ltd, China).
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TUNEL assay

TUNEL analysis was performed to measure the degree of cellular apoptosis in testicular tissue of mice
using an TUNEL FITC apoptosis detection kit (Vazyme biotech co., Ltd, China) according to the
manufacturer’s instructions. The results were obtained under a �uorescent microscope (Axio Observer,
ZEISS, Germany). The nuclei of normal cells were stained blue by DAPI and the apoptotic cells were
labeled green by FITC. The average number of TUNEL positive apoptotic cells was measured. Apoptotic
index in each group was expressed by the ratio of apoptotic cells to DAPI positive cells.

Semen evaluation

On Day 28 and Day 42, the left cauda epididymis of mice in QDs exposed group and control group was
dissected, cut into pieces, immersed in 3 mL Roswell Park Memorial Institute (RPMI-1640) medium
containing 10% fetal bovine serum (FBS) and incubated at 37°C to disperse sperm into the medium.
Parameters of sperm quality were measured using an automatic sperm analyzer (Nanning Songjing
Tianlun Biotechnology Co., Ltd, China), including sperm motility, straightness (STR), linearity (LIN),
Wobble (WOB), curvilinear velocity (VCL), straight-line velocity (VSL), average path velocity (VAP),
amplitude of lateral head displacement (ALH), beat-cross frequency (BCF), and average movement angle
(MAD). Acrosome integrity was evaluated by rose Bengal and Bismark brown Y staining according to the
commercial kit (GENMED, China).

Statistical analysis

All statistical analysis was performed by SPSS 22.0 statistical software packages. Figures were drawn
with GraphPad Prism 8.0 software package. Data were expressed as the mean ± standard deviation (SD).
Differences between groups were compared by one-way ANOVA. P < 0.05 was considered signi�cant.
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Figure 1

Schedule of experiments and characterization of CdSe/ZnS QDs. (A) Schedule of evaluation of CdSe /
ZnS QDs on reproductive and offspring health in BALB / C male mice. (B) TEM image. (C) DLS. (D)
Normalized absorption spectra and normalized PL spectra.

Figure 2

Representative �uorescence images of testicular tissue from mice on Day 1, 7, 14, 28 and 42 after they
were treated with 2 nmol/kg BW CdSe/ZnS QDs or normal saline (scale bar: 50 μm).



Page 18/24

Figure 3

Effect of QDs on organ index of BALB/c mice during 42 days. (A) Body weight. (B) testis index . (C)
epididymis index

Figure 4

Representative H&E staining images of testicular tissue and epididymal tissue of mice treated with 2
nmol/kg BW, 0.2 nmol/kg BW CdSe/ZnS QDs or normal saline on Day 1, 7, 14, 28 and 42 (scale bar: 50
μm).
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Figure 5

Effect of QDs on cell apoptosis detected by TUNEL assay. (A) Representative TUNEL images of testicular
tissue of mice on Day 1, 7, 14, 28 and 42 after treated with 2 nmol/kg BW CdSe/ZnS QDs or normal
saline (scale bar: 20 μm). (B) Apoptotic index percentage. (C) Representative TUNEL images of testicular
tissue of mice on Day 14 treated with 2 nmol/kg BW CdSe/ZnS QDs with the scale bar of 50 μm.
(*Signi�cantly different compared to control group, P < 0.05.)

Figure 6
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Serum T levels (A), serum FSH levels (B) and serum LH levels (C) of mice on Day 1, 7, 14, 28 and 42 after
treated with 2 nmol/kg BW, 0.2 nmol/kg BW CdSe/ZnS QDs or normal saline. (*Signi�cantly different
compared to control group at the same sampling time, P < 0.05.)

Figure 7

Sperm quality and acrosome integrity. Sperm quality including sperm motility (A), STR (B), LIN (C), WOB
(D), VCL (E), VSL (F), VPA (G), ALH (H), BCF (I) and MAD (J) of mice after treated with CdSe/ZnS QDs or
normal saline on Day 28 and 42. (K) Serum sperm acrosin levels of mice on Day 1, 7, 14, 28 and 42 after
treated with QDs or normal saline. (L) Representative images of sperm acrosome integrity staining on
Day 28 after administration. (scale bar: 50 μm. *Signi�cantly different compared to control group at the
same sampling time, P < 0.05.)
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Figure 8

Reproductive ability and �rst litters of pups by male mice after intravenous injection of quantum dots or
normal saline. (A) Fertility of male mice, number and body weight of their offspring. (B) Representative
mouse parents and their litters of pups at 0-24 h after birth. (C) Changes in pup body weight within 30
days after birth. (D) Organ index of offspring mice on PND 10. (E) Organ index of offspring mice on PND
20. (F) Organ index of offspring mice on PND 30. (*Signi�cantly different compared to control group at
the same sampling time, P < 0.05.)
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Figure 9

Hematology and serum biochemical data of offspring mice on PND 20 and 30. (*Signi�cantly different
compared to control group, P < 0.05.)
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Figure 10

Representative H&E staining images of main organ tissues of offspring mice on PND10, 20 and 30.
(scale bar: 50 μm).

Supplementary Files



Page 24/24

This is a list of supplementary �les associated with this preprint. Click to download.

supplementarymaterial.docx

https://assets.researchsquare.com/files/rs-35995/v1/supplementarymaterial.docx

