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Quantum dots cause acute systemic toxicity in
lactating rats and growth restriction of offspring†

LinQ1 Yang,a,b Huijuan Kuang,a Wanyi Zhang,a,c Wei Huaa and Hengyi Xu *a

The in vivo toxicity of QDs in animals has been broadly studied; however, their reproductive toxicity

towards lactating rodents is currently unknown. This study therefore aims to assess the potential toxicity

against dams and offspring after postnatal QD exposure at two doses (5 and 1 nmol per rat) and unravel

whether QDs can translocate to pups via breastfeeding. The dose-dependent systemic toxicity of QDs in

dams was observed by examining the body weight, hematology, biochemistry, histopathological changes,

and sex hormone levels. It was found that the QDs primarily accumulated in the liver and spleen of dams

at 1 day post injection (dpi), but the highest concentrations were found in the kidneys at 18 dpi. A few QDs

were detected in breast milk and stomach and intestine of pups; this suggested that the QDs were trans-

mitted to breast milk via blood circulation and then transferred to pups via breastfeeding. High-dose QDs

induced severe growth inhibition and a 71.08% offspring mortality, while pups showed growth restriction

within 90 dpi in the low-dose group. Moreover, the hematology, biochemistry, and histology results

showed limited chronic toxicity against offspring in the long term. This study provides a theoretical foun-

dation for the exposure assessment of nanomaterials in lactating animals and for the advancement of

QDs in the biomedical field.

Background

Quantum dots (QDs) are extraordinary semiconductor nano-

crystals with unique optical and electronic properties, such as

size-tunable fluorescence, narrow emission and wide absorp-

tion spectra, high luminescence quantum yields, and remark-

able photostability, and have been considered as alternatives

to traditional organic dyes in many biology and biomedicine

applications.1,2 QDs are also beneficial in biosensing, cellular

and molecular labeling and tracking, deep-tissue imaging,

cancer targeting, and disease diagnosis and therapy.3–9

However, QDs at the nanoscale size possess high particle reac-

tivity due to their relatively large surface area to volume ratio

when compared with their micrometric counterpart; this

causes intense QD biological interactions in cells or animals.10

Furthermore, most QDs, including cadmium selenide (CdSe)

or cadmium telluride (CdTe) nanoparticles (NPs), used in

nanomedicines contain cadmium, which is carcinogen and

has deleterious effects on the reproductive tissues and

embryos.11,12 Any potential pharmacological and toxicological

effects of QDs should be therefore comprehensively explored

before reaching the clinic. Despite the increasing understand-

ing of QD toxicity in both cell cultures and animal models,

knowledge is still scarce, particularly in the reproductive and

developmental system, and is even sometimes contradictory.

Cell cultures for probing the toxic effects and mechanisms

of QDs in vitro have been widely explored.13–16 QDs cause cellu-

lar damage via the release of toxic metal ions and generation

of reactive oxygen species (ROS). Moreover, QDs at very high

concentrations (40 pM, 25 mg kg−1) have shown no appreci-

able toxicity in in vivo animal models including mice,17,18

rats,19 and rhesus macaques.20 However, QDs are stored in the

mononuclear phagocyte system (MPS), including the liver,

spleen, and lymphatic system, and are deposited in living

animals for up to two years.18,21 The size-dependent elimin-

ation rate of QDs was also observed in rats,22 whereby QDs less

than 5.5 nm could be rapidly and efficiently eliminated from

the body through urinary excretion, whereas QDs sized over

15 nm prevented renal excretion. Of note, developing embryos

and young offspring are highly sensitive to environmental

hazards and NPs that may have insignificant effects on adult

individuals. The health effect of NPs on both the maternal

reproductive system and the next generation has aroused

much concern because NPs, such as QDs, silver NPs, and tita-
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nium dioxide NPs, can be stored in the body long term and

may bestow high reactivity and unique translocational

properties.23–46

Currently, scientific efforts are concentrated on determin-

ing the effects of NPs on the female reproductive system and

embryo development in vivo.28,32,34,35,39,43–46 Yamashita et al.

found that silica NPs could penetrate into the rodent placenta

and transferred to the fetuses, resulting in structural and func-

tional damages in the placenta as well as the inhibition of

fetal growth.23 Chu et al. reported that prenatal exposure to

CdTe/CdS QDs could migrate from pregnant mice to their

fetuses across the placental barrier,26 whereas we found that

amphiphilic polymer-coated CdSe/ZnS QDs (20 nm) were effec-

tively blocked by the placental barrier in our recent study.46

Moreover, sliver NPs,32 gold NPs,28,41 titanium dioxide

NPs,35,40 and carbon nanotubes29,39,43 have been shown to

cross the placental barrier and cause various degrees of fetal

toxicity. For instance, the size-dependent translocation of gold

NPs from the maternal blood into the fetus was observed,

suggesting that gold NPS sized less than 20–25 nm mainly

cross the placenta via transtrophoblastic channels.28

Unfortunately, most studies to date focused on pregnant

animal models ignore the side effects of NP exposure during

the lactation period. Recently, silver NPs were found in breast

milk and in the brains of pups and it was also found that tita-

nium dioxide NPs damaged the tight junction of the blood–

milk barrier.44,45,47 However, these studies lacked biodistribu-

tion profiles of NPs in dams, gastrointestinal examination of

NPs in pups, and a systemic growth and development analysis

of offspring in the long term.

The aim of the present study was therefore to assess

whether QDs were able to translocate to offspring via breast-

feeding or not and to elucidate further the tissue distribution

and toxicity profiles of QDs in dams and the long-term effects

on offspring, following a two-time intravenous injection post-

natal day 2 (PD2) and day 3 (PD3). The case of intravenous

exposure showed a high amount of QDs distributed through-

out the body compared to with oral or inhalation adminis-

tration, leading to an easier detection of cadmium contents in

the breast milk of dams or in the gastrointestinal tract and

liver of pups. QDs belong to typical NPs with enormous poten-

tial applications in clinical settings and have shown insuffi-

cient toxicity in nonhuman primates (rhesus macaques) and

small animals (mice and rats). Most studies also reported that

NPs, including QDs, could cross the placental barrier as well

as impair the structures and functions of the placenta and

embryo development. Accordingly, we utilized two dosages of

20 nm QDs, coated with reactive carboxyl group, to assess the

toxicological effects in dams and offspring during postnatal

exposure. More specifically, inductively coupled plasma mass

spectrometry (ICP-MS) was used to examine the cadmium con-

tents in widespread organs, milk, blood, and feces of dams,

and the stomach, intestine, liver, kidney, and spleen of

offspring. Blood biochemistry and hematology and pathologi-

cal examinations were performed to determine the inflamma-

tory response, potential tissue damage, inflammation, or

lesion in dams. Furthermore, the maternal endocrine function

was determined by inspecting the concentrations of sex hor-

mones, including estradiol (E2), progesterone (P4), luteinizing

hormone (LH), follicle stimulating hormone (FSH), and prolac-

tin (PRL). Meanwhile, offspring growth and development were

evaluated from birth up to 180 days after exposure by measur-

ing the survival rate, body weight (BW), and organ index, and

conventional toxicological analysis was also conducted.

Methods
Materials

The amphiphilic polymers with surface reactive carboxyl

group-coated CdSe/ZnS QDs used here provided by Ocean

NanoTech, LLC (San Diego, CA). The size of QDs was analyzed

by transmission electron microscopy (TEM) prior to use.

Briefly, the NP samples were prepared by dropping a sample

onto an agar carbon-coated copper grid (400 mesh) and then

the solvent was evaporated. The images were obtained at

50–100 K magnifications with a JEOL TEM (JEOL USA, Inc.

Peabody, MA) operating at 100 kV as previously described.48,49

The hydrodynamic diameter distributions of the QDs (n = 6)

and zeta potential were measured by dynamic light

scattering (DLS) using a Zetatrac Ultra 151 (Microtrac Inc.,

Montgomeryville, PA).

Animal studies

Healthy adult female and male Sprague–Dawley (SD) rats

(10–12 weeks old) were purchased from the Experimental

Animal Center of Nanchang University, China. The animals

were raised in an animal facility at 25 °C with a 12 h light/dark

cycle; the animals were supplemented with food and water

ad libitum. All the procedures involving the animals were

approved by the Animal Care Review Committee (approval

number 0064257), Nanchang University, Jiangxi, China, and

were carried out in line with the Institutional Animal Care

Committee guidelines. Twenty-eight female rats with body

masses between 300 g and 350 g were mated with 14 male rats

housed in fourteen stainless steel cages (one cage housed one

male rat and two female rats). Pregnant rats were confirmed by

the presence of vaginal plugs and daily BW examination, and

then the female rats were randomly divided into three groups:

9 rats in the high-dose group treated with 5 nmol QDs per rat

(14.28–16.67 nmol kg−1), 10 rats in the low-dose group treated

with 1 nmol QDs per rat (2.85–3.33 nmol kg−1), and 9 rats in

the vehicle control group treated with physiological saline.

Exposures were performed in PD2 and PD3 via two tail-vein

injections of 5 μM or 1 μM QDs or saline in a total volume of

1 mL. The QDs dosage used here was according to the biologi-

cal response and close to the doses applied in early

studies.19,50,51 Also, the accumulated dose of QDs in various

organs was parallel to those assessed in previous in vivo QD

imaging and toxicological studies, as enumerated in

Table S1.†
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Acute and subacute toxicity evaluation on maternal rats

To assess the acute and subacute systemic toxicities of QDs in

dams, the rats’ BWs, food consumption, and survival rates

were recorded throughout the entire experimental period. The

rates of BW change were calculated using eqn (1):

Rates of BW change ¼
Present BW � BWof the start day ðgÞ

BWof the start day ðgÞ

� 100%:

ð1Þ

Three and six rats from each group were sacrificed at 1 and

18 day post injection (dpi), respectively, and various organ

samples were collected and weighed for visceral index

measurement. The organ index was calculated using eqn (2):

Organ index ¼
Mass of organs ðmgÞ

Mass of body weight ðgÞ
: ð2Þ

Samples of the organs were isolated and a small portion of

tissue was immediately fixed in 10% neutral buffered formalin

for histological examination. Portions from each organ

(0.2–0.5 g) were stored at −20 °C for cadmium elemental ana-

lysis. Also, blood and feces samples were collected from the

three lactating rats of each group at 1, 5, 10, and 18 dpi. Breast

milk was harvest from the other 4 or 3 rats’ nipples of each

group at 2, 9, and 16 dpi, except for the high-dose group as 3

rats had died after injection.

Blood biochemistry and hematology: blood samples were

harvest from each group at four time points after injection.

Briefly, the blood samples were collected from the orbital

venous plexus using a capillary glass tube that pierced the

inner canthus without affecting the rats living, and approxi-

mately 0.3 mL whole blood was collected in potassium EDTA

collection tube for hematology assay, and 0.7 mL blood was

centrifuged to obtain over 0.25 mL serum for the biochemistry

assay. The whole blood samples that were treated with the anti-

coagulant and the blood serum were examined at the First

Affiliated Hospital of Nanchang University, Nanchang, China.

When the rats were sacrificed at 1 and 18 dpi, the whole blood

samples, apart from the part used for the biochemistry and

hematology analysis, were collected for determination of the

cadmium content and the serum sex hormones level.

Histopathological examinations. The dams were sacrificed

utilizing 10% chloral hydrate anesthetic, followed by exsangui-

nation at 1 and 18 dpi, and a small portion of each organ

(liver, spleen, kidney, lung, brain, heart, intestine, and uterus)

was fixed in 10% neutral buffered formalin according to our

previous study.49 Subsequently, the isolated tissues were

embedded in paraffin blocks (previously melted at 58 °C) and

frozen at 4 °C before 3–5 µm sections were cut and stained

with hematoxylin and eosin (H&E) for pathological examin-

ation. An Olympus optical microscope (Tokyo, Japan) was used

to observe the stained slices.

Sex hormone assays. Various sex hormones, including E2,

P4, LH, FSH, and PRL, in the serum of lactating rats were col-

lected at 1 and 18 dpi and measured using commercial kits

(JiuDing Biomedical engineering Ltd, China). The biochemical

assays were performed with a gamma counter RIA program

(Type 7170A; Hitachi Co, Japan).

Quantitative measurement of Cd levels in the maternal and

offspring tissues

The tissue samples of dams (the liver, kidney, spleen, lung,

heart, brain, stomach, intestine, and breast) were carefully col-

lected and frozen. The breast milk was collected from the

mammary glands of dams in the low-dose group and control

group using a tailor-made pipette following 10% chloral

hydrate and oxytocin intraperitoneal injections at 2, 9, 16 dpi.

The offsprings’ stomach, intestine, liver, kidney, and spleen

were harvested at 1, 5, 10, 18, 60, 120, and 180 dpi. The sub-

samples of approximately 0.2–0.5 g tissue, including feces and

blood, were isolated and dissolved in 12 mL digestion solution

(HNO3 : HClO4 = 5 : 1) with heating at 230 °C. The temperature

was increased to 280 °C when the reaction reached equili-

brium. The digested samples were diluted with Milli-Q water

to 25 mL after removal from the heating block, and sub-

sequently were used to determine the cadmium concentrations

with ICP-MS. The linearities of the calibration curves of 114Cd

with ICP-MS with 1, 2, 5, 10, 20, and 50 ng mL−1 of standard

solution (R2 > 0.999), and with 0.02, 0.05, 0.1, 0.5, 1, and 2

ng mL−1 of standard solution (R2 > 0.999), for determining the

cadmium concentrations in dam samples and offspring

samples, respectively, were both good. The concentrations of

Cd and the percentages of Cd (Y) in different tissues were cal-

culated using eqn (3) and (4), respectively:

½cadmium ðμg g�1Þ� in tissue ¼
½Cd�in tissue suspenion� 25

wet weight of tissue

ð3Þ

Y ¼
½Cd� in tissue suspenion� 25� organweight

wet weight of tissue� total injected cadmium
� 100% :

ð4Þ

Acute and chronic toxicity analysis in offspring

To evaluate the long-term effects on offspring when dams were

exposed to QDs, the pups’ BW, body length, tail length, survi-

val rate, morphology inspection were examined during the

breastfeeding period. Furthermore, to explore potential side

effects in the next generation, blood biochemistry and hema-

tology analysis and histological examination as well as organ

index and BW were carried out for up to 180 days after

exposure.

Statistical analysis

Data are presented herein as the mean ± standard error (n ≥ 3).

Comparisons of the results among three groups or between

two groups were carried out by one-way analysis of variance

(ANOVA) and L.S.D. test, or student t tests as two-sided using

SPSS v16.0 (SPSS, Inc., Chicago, IL); p < 0.05 and p < 0.01 were

considered statistically significant and highly statistically sig-

nificant, respectively.
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Results and discussion
Characterization of the CdSe/ZnS QDs

The hydrodynamic size distribution of the QDs in water deter-

mined by DLS was 20 ± 6.05 nm, which was slightly larger

than the corresponding size (13 nm) from TEM measurements

(Fig. 1). The used QDs exhibited a uniform, spherical, and

monodispersed state under TEM. The different surface states

and hydration degrees of the NP samples contributed to a

slight deviation in the diameter measured by TEM and DLS

according to several previous studies.10,48–51 The QDs were

well-resolved in water and DLS measurements of both the core

and coating showed a bigger diameter. The absorption spec-

trum of the QDs ranged from 400 to 600 nm and the

maximum emission peak was at 580 nm.

Acute and subacute systemic toxicity of the QDs in lactating rats

Acute and subacute toxicities were determined following i.v.

injection of two QDs doses of 2.5 nmol day−1 and 0.5 nmol

day−1 for two consecutive days. The flow diagram of the experi-

ment is shown in Fig. 1d. Three or six living female rats were

planned to be sacrificed at 1 (PD4) and 18 dpi (PD21) as the

litters were weaned around day 21 after delivery.

Unfortunately, in the high-dose group, one rat died after the

first injection, and two others died following the second injec-

tion prior to examination. For other groups, no animal deaths

occurred throughout the experimental period (Fig. 2d).

Physical behavior, the rates of BW change, and food consump-

tion of the dams were then performed for the surviving rats.

Fig. 2 displays that rats in the high-dose group showed a BW

loss after the first injection (−5.36 ± 1.96%), which continued

to decrease until 5 dpi with a maximum loss of −9.30 ± 0.58%

at 3 dpi. The low-dose group only lost weight at 1 dpi (−2.51 ±

1.88%) and 3 dpi (−1.39 ± 2.71%), representing a significant

difference from the control group. After 5 dpi, no significant

difference of the rates of BW change in the three groups were

observed, but both QD-treated groups still presented slow

increasing trends. By contrast, recent QDs toxicological studies

demonstrated that 0.4 nmol, 15 nmol, and 25 mg kg−1 QDs

did not cause great effects on the BW of mice, rats, and

monkeys, respectively,19,20,52 suggesting lactating animals

might be particularly vulnerable to QDs exposure. Analysis of

food consumption in Fig. 2b found only 6.83 ± 2.07 g, 5.06 ±

0.16 g, 10.44 ± 5.04 g, and 23.34 ± 3.22 g food was ingested per

day from 0 to 3 dpi in the high-dose group, which showed a

noticeable lower food intake than the control or the low-dose

group with at least 34.07 ± 8.08 g of food intake per day. This

indicated the eating behavior of the rats in the high-dose

Fig. 1 Characterization of QDs (a–c) and flow diagram of the experiment (d). The absorption and emission spectra of QDs used in this study (a), the

diameter of QDs determined using DLS (b) and TEM (c). The PD0 and D1 mean data were collected at postnatal day 0 and 1 day post injection (dpi),

respectively.
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group was impaired. In addition, the rate of food consumption

compared to the temporary BW should provide more accurate

data than that from merely measuring the food intake as food

consumption is dependent on the BW. The rate of food intake/

BW (9.67 ± 2.21%) between the first injection and the second

injection in the low-dose group was extremely smaller than the

rate (13.29 ± 1.31%) in the control group (Fig. 2c), which was

not found in terms of the food consumption alone. A signifi-

cant increase in the spleen index of dams in the high-dose

group implied the occurrence of splenomegaly, while the other

organs showed no significant variations in mass (Table S2†).

Rats in the high-dose group also exhibited less activity and

feeding behaviors.

QDs with similar sizes to large proteins or viruses can inter-

act with the blood and blood components following i.v. admin-

istration, which may induce inflammatory, immune responses,

and alter related hematological factors in the blood, such as

the white blood cell count (WBC).19,20,49 Consequently, repre-

sentative hematology parameters, including WBC, red blood

cells count (RBC), hemoglobin (HB), mean corpuscular hemo-

globin (MCH), corpuscular hemoglobin concentration

(MCHC), polymorphomultinuclear neutrophil granulocyte

(PMN), lymphocyte (LY), hematocrit, and platelet count (PLT)

were counted (Fig. 3 and Fig. S1†). The numbers of PMN and

WBC were increased at four time points in both the QD-treated

groups, whereas a statistical significance was only found in the

low-dose group at 1 dpi. Variations in PMN and WBC indicated

that QDs exposure caused an acute inflammatory response.

MCH and MCV in the high-dose group showed significant

increases at 18 dpi compared to the control group. No signifi-

cant changes were observed for RBC (Fig. S1a†), while the

number of was extremely PLT decreased in the high-dose

group at 1 dpi, but then was elevated over time. PLT may be a

sensitive marker in NPs perturbation in vivo according to our

work49 and several other research studies.50,53,54 Other indi-

cators, such as HB, hematocrit, MCHC, and LY, showed mild

changes (Fig. S1†). Several sensitive markers of liver function,

such as alanine aminotransferase (ALT), aspartate amino-

transferase (AST), direct bilirubin (DBIL), and gamma gluta-

myl transaminase (GGT), were determined. As shown in

Fig. 3e, f, g, and h, the levels of ALT, AST, DBIL, and GGT in

the high-dose group greatly exceeded the normal ranges at

1 dpi and 5 dpi, indicating severe hepatocellular injuries

resulting from a high liver accumulation of the QDs, albeit

these indicators fell back to the normal range by 10 dpi and

18 dpi, implying that the liver damage was attenuated. Other

liver and kidney function indicators are shown in Table S3,†

where dose-dependent decreases in total protein (TP),

albumin (ALB), and globulin (GLB) were observed in the first

two time points, which also returned to normal later.

Creatinine (CRE), blood urea nitrogen (BUN), and urea (UA)

also showed different changes at various time points and in

the different treatment groups, suggesting an impairment of

the renal function.

Fig. 2 Rates of body weight change (a), food consumption (b), food consumption/body weight (c), and survival rate (d) of maternal rats following

intravenous injection of QDs in doses of 5 nmol (high) or 1 nmol (low) at postnatal day 2 (PD2) and PD3. n = 3.
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An histology examination was performed as it can provide

more macroscopic organ and visual evidence, which is more

accurate in the evaluation of acute systemic toxicity, to support

the serum biochemistry findings that indicated liver and

kidney damage. In the control group, the liver, spleen, and

kidney had no apparent pathological abnormalities. A

minimal focal inflammatory cell infiltration, nucleus vacancy

or deformation, and small vesicle-like cytoplasm in partial

hepatocytes in the liver, hyperemia, hyperplasia in the lymph

nodule in the spleen, and inflammatory cell infiltration, renal

tubular epithelial cell exfoliation in the kidney were observed

in the low-dose group at 1 dpi. However, severe cellular apopto-

sis and necrosis, cytolysis, large cavity, blurred hepatic sinus

borderline, integrity and morphology loss of hepatic lobules in

the liver, white and red pulp aberrations, damaged splenic

nodule, evident hyperplasia, nucleus and cytoplasm disinte-

gration in the spleen, severe renal tubular epithelial cell necro-

sis, vacuolar degeneration, stretched cytoplasm and condensed

nucleus, incomplete glomerulus, and tubules structures in the

kidney were observed in the high-dose group (Fig. 4). These

findings verified the dose-dependent changes in histopatho-

logy caused by the QDs. However, these changes diminished

or disappeared by 18 dpi, which only showed minimal cellular

edema and endothelial cell aggregation in the liver and mild

hyperplasia and swelling of glomerular capillary endothelium

in the kidney in both QDs-treated groups, with no or low

pathological changes in the spleen in the low- and high-dose

groups (Fig. 4). Decreases in hepatocellular damage should

account for the diminished levels of ALT, AST, DBIL, and GGT

in the circulation. Furthermore, lung exposure to high-dose

QDs presented enlarged airway cavities, substantial loose cyto-

plasm, and a thinning alveolar cell layer at 1 dpi, but these

changes were attenuated by day 18. Some cavities and thin

alveolar walls were observed in the lungs at 1 dpi in compari-

son to negligible injury at 18 dpi in the low-dose group

(Fig. S3†). Fig. S3† also shows that the heart, uterus, brain,

and intestine were further examined and demonstrated

changes, including cavities, cell edema and cytoplasm distor-

tion, occurred only in the high-dose group at 1 dpi.

Recently, several studies have demonstrated that 0.1–30 μg

per mouse of single-wall carbon nanotubes induce fetal mal-

formations and miscarriages,43 while 50 μg per mouse of QDs

Fig. 3 Typical whole blood and serum indicators from maternal rats treated with 5 nmol (high) or 1 nmol (low) of QDs and vehicle control. (a–h)

Results exhibit mean and standard deviation of white blood cells count, WBC (a); mean corpuscular hemoglobin, MCH (b), platelet count, PLT (c),

polymorphomultinuclear neutrophil granulocyte PMN (d), alanine aminotransferase, ALT (e); aspartate aminotransferase, AST (f ); direct bilirubin,

DBIL (g), and gamma glutamyl transaminase, GGT (h). n = 3.
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triggered fetal death in the uterus,26 and 800 μg per mouse of

silica nanoparticles caused fetal resorption and restricted fetal

growth.23 However, these reports failed to measure the levels

of sex hormones, which are of central importance to placenta

and ovarian functions and mammogenesis during an animal’s

gestation and galactosis periods.36 Meanwhile, Jain et al.

reported that cadmium-containing NPs could be considered as

endocrine disruptors triggering estrogenic responses and

increasing the uterine weight.55 The concentrations of P4, FSH,

E2, PRL, and LH in maternal rats were therefore evaluated

(Table 1). PLR could promote the development of mammary

glands, and cause and sustain lactation, while P4 could facili-

tate the growth of mammary gland flocculus and acini. QDs

induced significant decreases in P4 in both groups at 1 dpi. By

contrast, the levels of P4 sharply increased to 55.4 ±

26.01 nmol L−1 and 139.36 ± 0.97 nmol L−1 at 18 dpi in the

low- and high-dose groups, respectively. Furthermore, a high

dosage of QDs inhibited E2 and LH levels at 1 dpi, while FSH

and PRL levels were not affected at both time points. The vari-

ations in P4, E2, and LH levels proved that the QDs interrupted

the endocrine function. All the data gathered demonstrated

that an early postnatal exposure to QDs induced severe acute

systemic toxicity in maternal rats. The systemic toxicity was

found to be dose-dependent and could be diminished over

time, and 5 nmol of QDs induced severe acute toxicity, includ-

ing BW decrease, food intake shrinkage, liver, kidney and

spleen injury and inflammation, and hormones disruption, to

account for the rat death.

Distribution of QDs in maternal tissues

To further verify the argument responsible for the acute

animal death and to understand the toxicokinetics of QDs, Cd

concentrations in the multiple tissues at 1 dpi and 18 dpi were

quantitatively measured using ICP-MS. Initially, the Cd levels

in the blood in low-dose group and the control group at all the

time points were negligible, i.e., below the detection limit,

while the blood Cd level in high-dose group increased over

time and peaked at 0.064 ± 0.019 µg g−1 at 18 dpi (Table S4†).

Previous studies found that Cd levels in blood and plasma

decreased over time and were below the detection limit at

Fig. 4 Histological images of maternal rat’s liver, kidney, and spleen on 1 (D1) and 18 (D18) dpi. Arrows indicate structural damages on both treated

rat organs. n = 3.

Table 1 Sex hormones were evaluated with serum levels of estradiol (E2), progesterone (P4), luteinizing hormone (LH), follicle stimulating hormone

(FSH), prolactin (PRL). D1 and D18 mean the data were collected at 1 and 18 dpi, respectivelyQ2

Parameters

D1 D18

Control Low High Control Low High

P4 (nmol L−1) 67.59 ± 6.01 32.63 ± 25.07* 20.08 ± 1.49* 17.2 ± 3.27 55.4 ± 26.01** 139.36 ± 0.97**
FSH (IU L−1) 4.4 ± 0.63 2.56 ± 0.34 5.39 ± 3.59 5.35 ± 2.84 3.72 ± 1.39 3.18 ± 0.87
E2 (pmol L−1) 10.55 ± 0.94 7.43 ± 5.48 3.5 ± 1.75* 14.55 ± 9.64 19.73 ± 9.46 10.35 ± 0.05
PRL (μg L−1) 9 ± 2.81 6.78 ± 2.32 7.69 ± 3.20 8.61 ± 5.21 12.37 ± 2.48 7.98 ± 5.25
LH (IU L−1) 9.29 ± 1.28 6.89 ± 2.71 4.1 ± 0.44* 7.72 ± 1.47 5.97 ± 2.23 5.12 ± 1.16
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3 dpi and 7 dpi following 0.2 µmol kg−1 and 12 µg per mouse

administrations.56,57 Herein, the incremental level of Cd in

this study could be attributed to the high-dose exposure and

QDs degradation, which released Cd ions that subsequently

entered into the blood circulation, as proposed by relevant

research studies.20,56 The excretion of Cd from feces was only

observed at 1 dpi but not at other time points in both groups,

suggesting the QDs were not effectively excreted through the

biliary pathway from the liver to the bile duct, intestine,

and feces. This finding also concurred with literature

reports.17,52,57,58

Fig. 5 and Table S5† show that the organ Cd level in the

control group was below the detection limit except for 0.047 ±

0.009 µg g−1 in the kidney and 0.174 ± 0.009 µg g−1 in the

intestine. Endogenous Cd in the control group cannot be neg-

lected, such as approximately 10 µg g−1 of Cd detected in the

kidney of control monkeys,20 because of a higher detection

sensitivity and occupational exposure, and food, water, and

padding contamination. At 1 dpi, the highest Cd concen-

trations, arranged in decreasing order, were found in the liver,

spleen, kidney, lung, uterus, stomach, breast, heart, and brain

tissues in the low-dose group. For the high-dose group,

however, Cd was primarily accumulated in the spleen and lung

with values of 14.56 ± 5.98 µg g−1 and 11.61 ± 5.50 µg g−1,

which were approximately 15.6 and 21.3 times higher than the

corresponding doses in the low-dose group. The liver and

kidney had higher Cd concentrations, followed by the intes-

tine, uterus, breast, heart, stomach, and brain. The Cd levels

in some organs (heart and uterus) increased over time, most

strikingly elevated in the kidney, in which the concentrations

of Cd sharply increased from 0.71 ± 0.31 µg g−1 to 12.51 ±

0.44 µg g−1, and 5.41 ± 3.64 µg g−1 to 42.31 ± 1.68 µg g−1,

respectively. Also, the liver and spleen showed increased Cd

levels in the low-dose group in comparison with the steady

levels in the high-dose group. Surprisingly, the Cd levels in the

lungs and breasts of the two treatment groups displayed an

opposite trend. For instance, Cd levels in the breast in the

high-dose group dropped from 0.474 ± 0.042 µg g−1 to 0.332 ±

0.106 µg g−1, while the level increased from 0.053 ± 0.018

µg g−1 to 0.163 ± 0.043 µg g−1 in the low-dose group.

Meanwhile, we also calculated the percentages of Cd in

multiple tissues and found the total recovery rates of QDs

injection dose were 43.66% and 54.25% at 1 dpi, and 109.06%

and 63.47% at 18 dpi in the low- and high-dose groups,

respectively (Table 2). The gap in QDs recovery could be attrib-

uted to variations in the injection, mouse body metabolism,

etc. The residual Cd mass could be retained in the carcass, as

previous studies also proved that 40–50% QDs were mainly dis-

tributed in the large masses of the muscle, skin, bone, and so

on.17,57 Early predominant deposition in the liver and spleen

was expected due to the clearance of QDs from the blood by

resident phagocytes of the MPS, as supported from

literature.49–52,58 A substantial increment of the Cd level in the

kidney at 18 dpi in both exposure groups (Table 2) verified pre-

vious work using PEG-coated CdSe/ZnS QDs.17,19 This indi-

cates that the carboxyl-coated CdSe/ZnS QDs used here might

partially undergo degradation in vivo and release free Cd ions,

which are then absorbed by the kidney.56,57 The QDs core and

shell must, however, remain largely intact as the detectable

fluorescence lasts over weeks to months and there is slight

accumulated differences in their constitutions (e.g., Cd, Se, Zn)

in various organs.18,19 Noticeably, the Cd lung burden (5.67%)

at 1 dpi in the 5 nmol per rat QDs exposure group was extre-

mely much higher than the value of 1.13% in the 1 nmol per

rat QDs group and 0.6% and 0.01 ± 0.03% in recent

studies,17,57 implying that QDs might quickly accumulate and

form aggregates with proteins or cells and then induce a

severe pulmonary embolism, subsequently leading to acute

animal death following exposure.50 Furthermore, the accumu-

lations of Cd/QDs in the uterus and breast pose high risks to

the embryo or infant growth and development. Taken

together, these findings demonstrate that the QDs were not

effectively eliminated from the body and a large amount of

QDs/Cd accumulation occurred in vivo, suggesting the QDs

could transmit to breast milk via the blood circulation and

translocate to the offspring via breastfeeding during the lacta-

tion period.59

Fig. 5 Biodistribution of QDs/cadmium in maternal rats after postnatal

exposure (at PD2 and PD3) to QDs. D1 and D18 mean data were col-

lected at 1 and 18 dpi, respectively. n = 3.

Table 2 The percentage of Cd content in major tissues of two dosage

QDs injected rats at 1 (D1) and 18 (D8) dpi

Tissues

Proportion of injected dose (%)

Low (D1) High (D1) Low (D18) High (D18)

Liver 40.00 40.27 64.48 39.43
Kidney 1.45 2.85 32.53 17.37
Spleen 0.79 5.01 9.71 4.96
Lung 1.13 5.67 1.96 1.05
Heart 0.09 0.11 0.30 0.13
Brain 0.04 0.02 0.03 0.02
Uterus 0.16 0.24 0.05 0.19
Blood 0 0.08 0 0.30
Total recovery 43.66 54.25 109.06 63.47
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Milk transmission of QDs and their distribution in offspring

To the best of our knowledge, this is the first attempt to deter-

mine whether QDs enter the breast milk and transfer to the

offspring via breastfeeding or not. In recent studies, Huang

et al.39 found multi-walled carbon nanotubes crossed the

blood-placenta barrier and induced brain deformity or slowed

the BW depending on the p53 genotype. Bai et al.60 demon-

strated that nanotubes were stored in the testes 24 h after

injection, and induced reversible oxidative stress and tissue

damage. Silica NPs transferred to the placenta, fetal liver, and

fetal brain and caused smaller uteri and fetuses, as proved by

Yamashita et al.23 In spite of the evaluation of NPs reproduc-

tive toxicity on pregnant mice and male mice, those studies

ignored the puerperium animals as well as the total contents

of NPs in the fetus. The breast milk samples at 2, 9, and

16 dpi, the stomach with milk, and the intestine, liver, spleen,

and kidney of infants at 1, 5, 10, and 18 dpi were thus obtained

in this study. No milk was harvested from the high-dose group

because three rats unexpectedly died. Fig. 6a and Table S6†

show that at 2 and 16 dpi, the Cd concentrations in the milk

from the low-dose group were 29.55 ± 17.72 ng g−1 and 39.28 ±

17.72 ng g−1, respectively, which were significantly higher than

the concentrations (5.64 ± 0.55 ng g−1 and 19.55 ± 5.55 ng g−1)

in the control group. Contrastingly, no significant change in

the Cd level was found in the milk at 9 dpi compared with the

control group. The intestine Cd contents in both exposure

groups did not differ from that in the control group at 1 dpi,

but a dose-dependent accumulation of Cd in the offspring’s

intestine was found after 5 dpi (Fig. 6b). For instance, the Cd

concentrations were 168.23 ± 56.23 ng g−1 and 198.27 ± 43.76

ng g−1 at 10 dpi, and significantly higher than 103.24 ± 33.25

ng g−1 in the control group. Furthermore, the stomach Cd

levels were significantly increased in high-dose group at 5 and

10 dpi over the control group (Fig. 6c). The liver, spleen, and

kidney Cd contents in both exposure groups, however, showed

no significant differences compared with those of the control

group at 1, 5, 10, and 18 dpi (Fig. 6d and Table S7†). It was

hypothesized that a very small amount of QDs/Cd therefore

enters the offspring and is absorbed by the intestine, but these

particles or ions cannot be uptaken by the MPS, mainly due to

the underdeveloped intestine, and thus they are excreted

directly. However, no available data exists to support this view,

which requires further investigation. Additionally, the Cd con-

centrations in the offspring’s intestine, liver, spleen, and

kidney were measured up to 180 dpi, and no significant differ-

ences were found among these groups at 60, 120, and 180 dpi.

The absolute Cd tissue concentrations are given in Table S7.†

On the other hand, 3-mercaptopropionic acid-coated QDs con-

taining 50 µg of Cd had 13.20 ± 3.24 ng g−1 Cd/QDs entrance

to the embryo, which caused fetal death.26 The possible side

effects on offspring growth and development were thus

evaluated.

Long-term effects on offspring growth and development

Exposure to QDs caused acute systemic toxicity in dams, and a

small amount of QDs was transferred to the offspring via

breastfeeding. Acute and long-term toxicity in the offspring

was examined up to 180 days after exposure. The growth

restriction of the offspring was observed in both exposure

groups. After the first injection (0 dpi), the infant BW in the

Fig. 6 Cadmium concentrations in maternal breast milk (a) and offspring intestine (b), stomach (c), and liver (d) at 1–18 dpi. D1 and D18 mean data

were collected at 1 and 18 dpi, respectively. n = 3.
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high-dose group decreased slightly and were significantly

lower than those in the control group. Afterward, the infant

BW in the high-dose group showed the slowest increase

throughout the lactation period compared with those in the

low-dose and control groups. The infant BW in the low-dose

group started to show a negative effect on BW increase at

3 dpi, persisting till 15 dpi (Fig. 7a). Also, at 60 dpi, when the

offspring was mature, the BW in both treated groups were

inferior to those in the control group, and the differences were

statistically significant (Table S8†). However, the variations in

BW after 90 dpi were not evident. The infants’ death occurred

within 3 dpi only in the high-dose group, with approximately

a 28.92% survival rate (Fig. 7b). The offspring body form and

morphology in the low-dose group were smaller than those in

the control group, as shown in Fig. 7c. No malformation was

observed in offspring throughout the period. At least four

descendant rats, including female and male rats, were sacri-

ficed, and various organs were removed for evaluation of the

visceral index at 60, 120, and 180 dpi. The liver, kidney,

heart, brain, and testis showed no significant differences in

mass in comparison with those in the control group at all

time points. The lung weighed significantly less in both

administration groups, while the uterus exhibited a signifi-

cant weight increase in the high-dose group at 120 dpi

(Table S8†).

Hematology parameters, including WBC, MCH, PLT, PMN,

RBC, HB, hematocrit, MCV, MCHC, and LY, were determined

at 18, 150, and 180 dpi and the results are listed in Fig. 8 and

Fig. S2.† These hematological markers, including MCH RBC,

HB, hematocrit, MCV, MCHC, and LY, in both QDs treatment

groups remained at similar levels compared with the control

group. Minimal changes in WBC, PMN, and PLT, which were

not statistically different from the control group, were

observed. Several crucial biochemical indicators, consisting of

ALT, AST, DBIL, GGT, and BUN, were measured at 18, 60, 120,

150, and 180 dpi (Table S9†). As shown in Fig. 8, the offspring

showed significantly increased levels of ALT at 120 dpi in the

high-dose group and DBIL at 18 dpi in both administration

groups. The levels of GGT exhibited variations at 18 dpi and

120 dpi in the high-dose group. But these changes remained

Fig. 7 Body weights (a), survival rates (b), and the growth images (c–j) of offspring are shown from day 1 to day 21 after maternal exposure to

5 nmol (high) or 1 nmol (low) of QDs and vehicle control. (c), (e), (g), and (i) exhibit the offspring in the vehicle control and (d), (f ), (h), and ( j) show

the offspring in the low-dose group (1 nmol) at 1, 5, 10, and 21 dpi (D1, D5, D10, and D21). The offspring in the high-dose group are not shown due

to partial offspring death. The scale bar is 2.5 cm. n = 4.
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in the normal ranges based on the literature records.19,20,49,51

Further investigation of the potential toxicity on offspring

from maternal exposure to QDs through histopathological

examination of the organs was performed. The possible Cd

absorbed, stored, and eliminated by the organs, including the

intestine, liver, spleen, and kidney, were collected, fixed,

stained, and analyzed at 18, 60, 120, 180 dpi. Luckily, no

apparent tissue or cell damage was observed in the liver,

spleen, and kidney throughout the entire experiment. Normal

hepatocytes in the liver, no hyperplasia in the spleen, and an

intact glomerulus structure in kidney were observed. However,

the intestines in the high-dose group exhibited epithelial cell

edema and loose cytoplasm at 120 dpi. More organs were eval-

uated (Fig. S4†) and no pathological lesions or abnormalities

were found.

In prenatal exposure to NPs, the embryo or fetus could be

influenced via three approaches: (1) NPs or impurities that

translocate through the placenta, (2) impaired placental

structure and function, and (3) circulating cytokines or

other secondary messengers from an inflammatory process

in dams. Also, we speculated that both the low quality and

quantity of breast milk and NPs transmitted to the neonates

were responsible for the offspring developmental retar-

dation. A limitation of this study is that only the negatively

charged carboxyl-coated CdSe/ZnS QDs were applied to the

lactating mice. Future studies could thus concentrate on

determining the effects of the QDs characteristics, such as

surface chemistry, NPs size, and NPs composition. On their

translocation ability and toxicity profiles.30,45,50 Neutral

charged QDs, like PEG-QDs, have a relative longer plasma

half-time,34,49 while bovine serum albumin (a common

protein in serum)-coated QDs was cleared faster from blood

than mercaptoundecanoic acid-coated QDs.58 Silica shell

was considered to reduce QDs transfer from pregnant mice

Fig. 8 Typical whole blood and serum indicators of the offspring in 5 nmol of QDs group (high) or 1 nmol of QDs group (low) and the vehicle

control at 18, 60, 120, 150, and 180 dpi. (a–i) Results exhibit mean and standard deviation of white blood cells count, WBC (a); mean corpuscular

hemoglobin, MCH (b), platelet count, PLT (c), polymorphomultinuclear neutrophil granulocyte PMN (d), alanine aminotransferase, ALT (e); aspartate

aminotransferase, AST (f ); direct bilirubin, DBIL (g), gamma glutamyl transaminase, GGT (h) and blood urea nitrogen, BUN (i). n = 3.
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to embryos.26 Moreover, the translocation mechanism of

QDs crossing the blood–milk barrier, genotoxicity, and

proteomics evaluation, especially subtle changes in vivo,

such as oxidative stress, are required for further exploration

to comprehensively understand the QDs nanotoxicology Q3

(Fig. 9).

Fig. 9 Histological images of the offspring’s liver, kidney, spleen, and intestine at 18, 60, 120, and 180 dpi. Arrows indicate structural damages on

both treated rat’s organs. n = 3.
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Conclusion

This study demonstrated that the dose-dependent acute sys-

temic toxicity of QDs exposure in lactating rats with a high

dose (5 nmol per rat) of QDs causes severe toxicities, including

splenomegaly, multiple organ injuries and inflammation, and

endocrine disruption, and rat death, while slight toxic effects

with mild weight decreases, mild hematology, serum biochem-

istry, and histopathological changes were observed in the low-

dose group (1 nmol per rat). The dose-dependent accumu-

lation and QDs redistribution and resorption in various organs

were evident, suggesting the QDs experienced translocation or

degradation in vivo. This phenomenon was further proved by

the higher contents of cadmium found in the breast milk and

stomachs and intestines of the offspring in the treated groups.

Notably, a very small amount of QDs/Cd was translocated to

the intestines of offspring during breastfeeding, but these par-

ticles or ions cannot be absorbed by the MPS (e.g., liver,

spleen) and kidney from birth up to 180 dpi. Furthermore, a

high dose of QDs lead to severe growth inhibition, and

offspring death, but long-term growth restriction (within

90 days) was also found in the low-dose group. Additionally,

the hematology, serum biochemistry, and histology results

showed minimal side effects against survival offspring in the

long term. This investigation provides evidence that lactating

animals are more susceptible to QDs exposure and potential

fetotoxicity studies of these and other NPs with improved

methods therefore are stilled needed.
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