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Abstract: Anti-HER2 antibody conjugated with quantum dots (anti-HER2ab-QDs) is a very 

recent fluorescent nanoprobe for HER2+ve breast cancer imaging. In this study we investigated 

in-vivo toxicity of anti-HER2ab conjugated CdSe/ZnS QDs in Wistar rats. For toxicity evalu-

ation of injected QDs sample, body weight, organ coefficient, complete blood count (CBC), 

biochemistry panel assay (AST, ALT, ALP, and GGTP), comet assay, reactive oxygen species, 

histology, and apoptosis were determined. Wistar rat (8–10 weeks old) were randomly divided 

into 4 treatment groups (n = 6). CBC and biochemistry panel assay showed nonsignificant 

changes in the anti-HER2ab-QDs treated group but these changes were significant (P , 0.05) in 

QDs treated group. No tissue damage, inflammation, lesions, and QDs deposition were found in 

histology and TEM images of the anti-HER2ab-QDs treated group. Apoptosis in liver and kidney 

was not found in the anti-HER2ab-QDs treated group. Animals treated with nonconjugated QDs 

showed comet formation and apoptosis. Cadmium deposition was confirmed in the QDs treated 

group compared with the anti-HER2ab-QDs treated group. The QDs concentration (500 nM) 

used for this study is suitable for in-vivo imaging. The combine data of this study support the 

biocompatibility of anti-HER2ab-QDs for breast cancer imaging, suggesting that the antibody 

coating assists in controlling any possible adverse effect of quantum dots.
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Introduction
Nanomaterials are emerging tools for diagnosis of various diseases and many other 

biomedical applications because of their unique properties rather than bulk materials.1–3 

Nanomaterial toxicity is a matter of concern and many in-vitro and in-vivo studies 

have suggested that the surface chemistry, release of metal ion, reactive oxygen species 

(ROS) production, cell apoptosis and break-down of nanomaterials are the possible 

causes of cellular toxicity.4–7 A new emerging class of nanomaterials known as QDs 

are brightly fluorescent, enabling their use as imaging probes in both in-vitro and in-

vivo systems, viz, molecular, cellular, and in-vivo imaging, tumor targeting, lymph 

node imaging, surface receptor targeting, and labeling.8–17 QDs can be coupled with 

biomolecules such as antibodies, peptides, carbohydrates, and small molecules to 

target early stage malignant tumors for imaging and diagnosis.18–21

The big challenge with the use of QDs is toxicity in living cells and animals due 

to their chemical composition of toxic heavy metal atoms (eg, cadmium, mercury, 

lead, arsenic).6,22–25 In-vitro toxicity is one of the most studied to date but few  in-vivo 
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studies have analyzed the physiological behavior of QDs.6,26,27 

 Previous studies have shown ambiguous results. Some 

in-vitro studies indicated cellular toxicity28,29 but others 

showed that cells loaded with QDs survived for weeks with-

out alteration in cell growth and division.30 The nature of 

QDs in an in-vivo system might be very different from that 

in an in-vitro system because the QDs can persist in organ 

tissues and directly interact with the living environment. 

Some in-vivo studies have shown the time-dependent 

increase in cadmium concentration in the liver and kidney 

after intravenous administration of cadmium-based QDs31 

but other in-vivo studies have shown no sign of toxicity 

in embryonic development at a concentration of 5 × 109 

QDs/cell.32 A study on Sprague-Dawley rats indicated no 

severe toxicity of CdSe/ZnS QDs for both short- (7 days) 

and long-term (80 days) exposure but some deposition of 

QDs in organ tissue was found.24

QDs cytotoxicity can be explained due to the release of 

Cd2+ ions and generation of ROS.4,5,33 Various strategies have 

been reported to minimize QDs toxicity, the most common 

of which are surface modifications and coatings with bio-

compatible molecules.28,29 Various types of primary and 

secondary coatings are used to enhance biocompatibility of 

QDs for medical applications. Capping these QDs with ZnS 

shells or coating with bovine serum albumin (BSA), poly-

ethylene glycol (PEG), glutathione, and silica rendered the 

QD cores less susceptible to oxidative degradation and less 

toxic.5,34,35 A study showed that the PEGylation of cationic 

QDs reduced toxicity at the same concentration compared 

to non-PEGylated QDs.25 QDs coating with additional bio-

compatible molecules (antibody, peptide, and small ligands) 

is also useful to control toxicity.

HER2 is a cell surface receptor found on the surface of 

certain cancer cells. HER2 is an orphan receptor because no 

known ligand is expressed for this receptor. It is encoded by a 

specific gene, the HER2/neu gene. The HER proteins regulate 

cell growth, survival, adhesion, migration and cell differenti-

ation. Overexpression of HER2 receptor is one cause of breast 

cancer, known as HER2-positive breast cancer. Anti-HER2 

antibody (ab) (herceptin) is the only recommended biological 

therapy for treatment of HER2-positive patients; after bind-

ing with HER2 receptor, anti-HER2ab checks cell division 

in breast tumors. QDs have been widely studied for cancer 

imaging and diagnosis, and anti-HER2ab-QDs has shown 

promising results for HER2 breast cancer detection.17,36,37 

This QDs conjugate offers great hope in early stage breast 

cancer imaging and diagnosis. The study reported investi-

gates the in-vivo toxicity of  anti-HER2-ab coated CdSe/ZnS 

QDs because this is useful for proper implementation of 

anti-HER2ab-QD conjugate for HER2 breast cancer imaging 

and diagnosis.

Materials and methods
chemicals
The following chemicals, all analytical grade, were used: 

quantum dot antibody binding kit (Qdot 525, Invitro-

gen, San Diego, CA), liver function assay kit (Transasia, 

India), YO-PRO-1 apoptosis assay kit (Invitrogen), 

anti-HER2 antibody (Invitrogen), propidium iodide (PI) 

(Sigma-Aldrich, St Louis, MO), heparins (Sigma-Aldrich), 

N, N-diethyl-pera-phenylenediam (DEPPD) (Sigma-

Aldrich), DCF-DA (Sigma-Aldrich), ethidium bromide 

 (Sigma-Aldrich), Triton X-100 (Sigma-Aldrich), LMP aga-

rose (Sigma-Aldrich), NM agarose (Sigma-Aldrich), anes-

thetic ether, ketamine/xylazine cocktail anesthesia, xylene, 

phosphate buffer saline, formalin, NaCl, NaOH, Na
2
HPO

4
, 

K
2
HPO

4
, HCl, H

2
O

2
, KOH, KCl, DMSO, EDTA, coomassie 

brilliant blue, phosphoric acid, ethanol, and lead citrate. All 

chemicals used were analytical grade.

Amino (Peg)-QDs conjugation  
with anti-her2 antibody
solution preparation for conjugation reaction
Conjugation of QDs with anti-HER2-ab was performed 

according to the manual provided with the QDs antibody 

conjugation kit (Qdot 525, Invitrogen, USA). Antibody solu-

tion (300 µL at a concentration of 1.0 mg/mL) was prepared 

in PBS and 40 µL of distilled water was added to the supplied 

dye labeled marker and mixed well. The solution mixture 

was stored at 2 to 6°C.

QDs nanocrystals activation and antibody reduction
To a centrifuge tube, 14 µL SMCC (Succinimidyl -

4-(N-maleimidomethyl) cyclohexane-1-carboxylate) and 

125 µL QD nanocrystals were added and vortexed briefly 

to mix and incubated at 37°C for 1 hour. Anti-HER2 anti-

body (300 µL at 1.0 mg/mL) and di-thiothriol (6.1 µL) 

solution were added to a centrifuge tube and incubated 

for 30 minutes at room temperature. After incubation the 

mixture was desalted and QDs and antibody collected in a 

separate tube.

QDs conjugation with anti-her2 antibody
Reduced antibody and activated QD nanocrystals collected 

from the above reactions were mixed with each other and 

incubated for 1 hour at room temperature. The reaction was 
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quenched by adding 10 µL (10 mM) 2-mercaptoethanol solu-

tions to the conjugation reaction and incubated for 30 minutes 

at room temperature.

separation of conjugates and nonconjugates
A gel filtration column was used for separation of 

anti-HER2ab-QDs from nonconjugated QDs. In brief, 

the conjugates collected as described above were added 

immediately to the two ultrafiltration devices (∼40 µL total 

volumes), allowed to enter the gel column, and then 50 µL 

PBS (pH 7.2) was gently added. The sample was allowed 

to elute by gravity. The first 10 drops were collected from 

the column because subsequent drops may have contained 

nonconjugated antibody molecules.

QDs characterization
QDs and anti-HER2ab-QDs were characterized by trans-

mission electron microscopy (TEM) and dynamic light 

scattering (DLS). After ultrasonication for 10 minutes, the 

sample was prepared by placing a drop of homogeneous 

suspension on a copper grid with a lacey carbon film 

and allowing it to dry in air. TEM images were observed 

with a JEOL-JEM-2100F TEM operating at 200 klV. 

The hydrodynamic diameters of QDs were evaluated by 

DLS. Samples were loaded into a sample holder and DLS 

data were collected by using a Malvern DLS apparatus 

(Nano-ZS, Malvern Instruments, Malvern, UK) with a 

633 nm He/Ne laser.

Animal treatment
The Wistar rat was selected as the model for the toxicity 

study of anti-HER2ab-QDs. All animals were kept in an 

animal house at 12 hours day/night cycle for 2 months. Food 

and water were supplied ad libitum. All animal were kept in 

stress-free, hygienic, and animal-friendly conditions. Wistar 

rats (8–10 weeks old) without tumors were selected randomly 

and divided into 4 treatment groups with 6 animals in each 

group. QDs and anti-HER2ab-QDs (100 µL of 500 nM solu-

tion) were injected intravenously twice in the tail vein, once 

on day 0 and once on day 15. One group (control group) 

was injected with PBS. Another group was selected of the 

size of the treated animal group in case of sudden death. All 

animals were anesthetized with an anesthesthetic cocktail of 

0.3 mL/250 g ketamine/xylazine (ketamine/xylazine cocktail: 

100 mg/mL ketamine + 20 mg/mL xylazine). The tail injection 

site was cleaned with xylene. The experiment was approved by 

the Animal Ethics Committee, Jawaharlal Nehru University, 

New Delhi, India and followed committee recommendations.

Blood sampling and complete blood 
count
Blood samples were collected routinely weekly from con-

trol and treated animals for complete blood count analysis. 

Blood (1.0 mL) was taken from the retro-orbital sinus by 

a heparin-coated capillary and collected with 20 mg/mL 

EDTA anticoagulant. Before taking the blood, animals were 

anesthetized with 0.3 mL/250 mg ketamine/xylazine. All 

animals were sacrificed at the same time and 5.0 mL blood 

was collected from a heart puncture. Of this sample, 1 mL 

was collected in 10% EDTA for complete blood count (CBC) 

and the remaining 4 mL of blood serum was collected for 

biochemistry panel assay and other biochemical assay.

The blood was analyzed for the number of erythrocytes, 

platelets, and total leukocytes, as well as neutrophils, lympho-

cytes, monocytes, eosinophils, and basophiles by an automated 

hematology counter (KX-21, Sysmex, Transasia, India).

Biochemistry panel analysis
We choose enzymatic parameters related to liver and kidney 

function. We determined the levels of various enzymes such 

as aspartate aminotransferase (AST), alanine aminotrasferase 

(ALT), gamma-glutamyl transpeptidase (GGTP), alkaline 

phosphatase (ALP), and total protein, albumin, globulin, 

bilirubin, and creatinine. Biochemistry assay for AST, ALT, 

ALP, and GGTP was performed according to the Interna-

tional Federation for Clinical Chemistry kinetics method 

and bilirubin by the diazo method. Total protein, albumin, 

and globulin were assayed by the method of Bradford.38 In 

brief, for each sample, 200 µL serum was mixed in 800 µL of 

Bradford reagent. Optical density (at 595 nm) was measured 

after 10 minutes incubation in the dark. BSA was used as 

a standard protein. AST, ALT, ALP, and GGTP assay was 

performed with an enzyme assay kit using end-point method 

and data obtained by spectrophotometry (Erba CHEM-5 

Plus v2).

reactive oxygen species assay  
from serum
The ROS assay was performed by N, N-diethyl-pera-

 phenylenediamine (DEPPD) staining.39 In brief, 5 µL serum 

was added to 140 µL of 0.1 M sodium acetate buffer (pH 4.8) 

at 37°C in a 96-well plate (microtiter plate). Samples were 

taken in triplicate and 100 µL of the mixed DEPPD solution 

(DEPPD was dissolved in 0.1 M sodium acetate buffer [pH 

4.8]) and ferrous sulfate (4.37 µm ferrous sulfate dissolved 

in 0.1 M sodium acetate buffer, pH 4.8) at a ratio of 1:25 

was added to each well to initiate reaction. Thereafter, the 
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 microtiter plate was then incubated at 37°C for 5 minutes. 

Absorbance was measured by a spectrophotometer plate 

reader (Spectra Max M2) at 505 nm. ROS levels from serum 

were calculated from a calibration curve of H
2
O

2
 and expressed 

as hydrogen peroxide equivalent (1 unit = 1.0 mg H
2
O

2
/L). 

The calibration curve for standard solution was obtained by 

calculating slopes from an optical density graph.

comet assay from blood
A comet assay (also referred to as single-cell gel electro-

phoresis) was used to determine DNA damage. Cell lysate 

was prepared from blood after centrifugation at 1500 rpm 

for 5 minuntes. For primary coating, one-sided frosted glass 

plates were coated with 0.7% low melting point agarose. 

Cell lysate was prepared with prechilled lysis solution (2.5 

M NaCl, 0.1 M EDTA, 10 mM Tris base, pH 10) with 1% 

Triton X 100 (Sigma-Aldrich) for 1 hour at 4°C and 10 µL 

cell lysate was embedded in 0.7% low melting point agarose 

on one-sided frosted comet slides. Cells were then subjected 

to denaturation in alkaline buffer (0.3 M NaCl, 1 mM EDTA) 

for 1 hour in the dark at room temperature. After lysing over-

night, the slides were removed and placed in a horizontal slab 

of an electrophoresis assembly. One liter of electrophoresis 

buffer was gently poured into the assembly. All plates were 

electrophorsed at 0.7 V/cm and 250 mA for 30 minutes. The 

slides were neutralized in neutralization buffer (0.5 M Tris-

HCl, pH 7.5) for 20 minutes followed by dehydration in 70% 

ethanol. All slides were air dried at room temperature and 

stained with 5 µg/mL PI dye. The tail length, tail moments, 

and tail migration were measured by using Comet Assay IV 

software (Perspective Instruments, Haverhill, Suffolk, UK) 

as a function of DNA damage. For measurement, 25 comets 

were scored and analyzed for each sample.

Body weight and coefficients of organs
Body weight of all animals was recorded after sacrifice by 

an excess dose of anesthetic ether and cervical dislocation. 

Organs such as liver, kidney, spleen, and brain were removed 

and weight was measured immediately after removal. After 

weighing the body and organs, the coefficients of liver, kidney, 

spleen, and brain weight to body weight were calculated as 

the ratio of tissue wet weight (g) to body weight (g).

Microscopic analysis of organ tissue
Liver, kidney, and spleen were removed and fixed with 

10% formalin. Organ samples were embedded in paraffin, 

sectioned, and stained with hematoxylin and eosin. Liver, 

kidney, and spleen slides were examined by light  microscopy 

through a 40× objective lens by a blinded veterinary 

pathologist.

For TEM analysis of liver and kidney, small pieces of 

tissue (∼2 mm) were fixed in 2.5% gluteraldehyde for 2 to 

4 hours and washed in 0.2 M phosphate-buffered saline 

(PBS). Post fixation was done with 1% osmium tetra-oxide 

for 1 hour. Cells were washed in PBS and dehydrated in 

alcohol (50%, 70%, 80%, 95%, and 100%). Cells were fur-

ther treated with propylene oxide (30 minutes), propylene 

oxide-resin mixture (overnight), and pure resin (48 hours). 

Embedding was done in BEEM (better equipment for elec-

tron microscopy) capsules using pure Spurr’s low viscosity 

resin at 80°C for 48 hours. Ultrathin sections (70 nm) were 

taken using Leica EM UC 6 ultramicrotom and stained with 

1% lead acetate. Sections were examined under JEOL-JEM-

2100F TEM operating at 200 kV.

Quantitative assay of cadmium
Liver and kidney of all animals were removed and burned 

at 200°C for 20 minutes, 1.0 g organ powder was used for 

EDXRF analysis. Pressed powdered samples were prepared 

by using 10 tons pressure to the sample, boric acid used with 

organ powder as a supporter base. Cadmium concentration 

was analyzed in pressed powdered sample with energy dis-

persive X-ray fluorescence (EDXRF) spectroscopy (Epsilon5 

PANalytical).

cell apoptosis
Single cell suspension was prepared, washed in cold PBS 

and the cell density was adjusted to ∼1 × 106 cells/mL in 

PBS. Assay was done according to the manual provided with 

apoptosis assay kit (Molecular Probe, Invitrogen). In brief, 

1 mL assay volume was added to 1 µL YO-PRO stock solu-

tion and 1 µL PI stock solution to each 1 mL of cell suspen-

sion. Samples were incubated on ice for 20 to 30 minutes. 

Samples were analyzed for stained cells by flow cytometry, 

using 488 nm excitation with green fluorescence emission for 

YO-PRO-1 (ie, 530/30 band pass) and red fluorescence emis-

sion for PI (ie, 610/20 band pass), gating on cells to exclude 

debris. The cell population was separated into 3 groups: live 

cells showed a low level of green fluorescence, apoptotic cells 

showed an incrementally higher level of green fluorescence, 

and dead cells showed both red and green fluorescence.

statistical analysis
Statistical analysis was performed with a 2-sample t-test, 

unknown and unequal variances, comparing each sample 

group to the related control group at a significance level of 
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Figure 1 TeM image of quantum dots (QDs) and anti-her2ab-QDs. Bar size is 
20 nm in both images and analysis was done at 200 kv.
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Figure 2 Dynamic light scattering histogram for hydrodynamic diameter detection 
of quantum dots (QDs) and anti-her2ab-QDs in 10 mM PBs buffer: a) QDs 
(525 nm) and b) anti-her2ab-QDs (525 nm). The hydrodynamic sizes of the QDs 
and anti-her2ab-QDs were 11.7 nm and 15.7 nm, respectively.
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Figure 3 Body weight of Wistar rats following injection of quantum dots (QDs) 
and anti-her2ab-QDs. Mean and standard deviation of body weight of Wistar rats 
treated with QDs, anti-her2ab-QD, and phosphate buffered saline control were 
not significantly different over a 2-month period.
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0.05 (95%). The results are presented as mean ± standard 

deviation (SD).

Results
QDs characterization
QDs were characterized by TEM (Figure 1) and DLS 

(Figure 2). In the TEM image, clusters of nanoparticles 

showed the inorganic core of QDs. Images taken by TEM 

showed a 5 to 7 nm size range of nonconjugated QDs and 

anti-HER2ab-QDs. Only the core of the QDs could be imaged 

by TEM; DLS analysis was done for hydrodynamic size 

measurement. Hydrodynamic diameter of anti-HER2ab-QDs 

in PBS characterized by DLS was 15.7 ± 3.7 nm, while the 

diameter of nonconjugated PEG-QDs was 11.7 ± 2.2 nm. 

Results from DLS clearly indicated the antibody molecule 

binding with QDs.

Body weight and organ coefficients
Throughout the study no animals showed any unusual 

response. No behavioral changes were found in any group. 

Body weight increased nonsignificantly with age during 

the experiment (Figure 3) and no weight loss was found in 

any experimental group. No significant changes were found 

in organ coefficients of liver, kidney, spleen, and brain in 

any treatment group except QDs treated liver and kidney 

(Figure 4). Upon injection, and throughout the entire study, 

no unusual behavior or differences between groups were 

observed, including labored breathing, difficulties in moving, 

hunching, or unusual interactions with cage mates.

hematology results
No significant changes in CBC were found in any treatment 

group except hemoglobin concentration and white blood 

cell count (WBC) count in the QDs treated group. After 3 

weeks, hemoglobin concentration had significantly decreased 

in the QDs treated group but no decrease was measured at 

the end of the experiment, and no significant changes were 

observed in any other treatment group (Figure 5A). WBC 

count, especially lymphocytes and neutrophils, significantly 
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Figure 4 Coefficient of organs (liver, kidney, spleen, and brain) for Wistar rats 
treated with quantum dots (QDs), anti-HER2ab-QDs and PBS. Coefficient of organs 
is the ratio of weight of the organs (g) to animal weight (g). No significant difference 
found at α = 0.05. statistical analysis was performed with a 2-sample t-test, unknown 
and unequal variances, comparing each sample group to the related control group. 
Note: *denotes statistically significant results at α = 0.05.
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Figure 5 hematology analysis for the Wistar rats treated with quantum dots (QDs), anti-her2-ab-QDs, and phosphate buffered saline. A–F) These results show mean 
and standard deviation of hemoglobin (A), white blood cells (B), neutrophils (c), lymphocytes (D), red blood cell count (e), and platelets (F). error bars represent standard 
deviation. statistical analysis was performed with a 2-sample t-test, unknown and unequal variances, comparing each sample group to the related control group. 
Note: *denote statistically significant results at α = 0.05.
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increased (P , 0.05) in the QDs treated group (Figure 5C, D). 

RBC count nonsignificantly changed in all treated groups 

(Figure 5E). There were no significant changes in platelets 

count throughout the experiment in any group as compared 

to control (Figure 5F).

Biochemistry panel assay for organs 
function
Changes in the level of total protein, albumin, and globulin 

were not significant in any experimental group while the levels 

of ALT, AST, and ALP increased significantly (P , 0.05) 

in QDs treated group. The changes were  nonsignificant in 
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degradation products cause tissue damage, inflammation, or 

lesions resulting from toxic exposure. Overall, no apparent 

histopathological abnormalities or lesions were observed 

in liver, kidney, and spleen of anti-HER2ab-QDs treated 

animal. QDs treated animals exhibited moderate bile-duct 

hyperplasia in liver with concurrent moderate centrilobular 

fibrosis, mild pigment accumulation, and moderate multi-

focal necrosis. Representative histology results are shown 

in Figure 10. In kidney tubular dilatation, cast formation, 

mineralization, and inflammation were noted in QDs 

treated group and moderate inflammation also noted in 

anti-HER2ab-QDs animals.

In order to investigate the toxicity of QDs and the deposi-

tion within the cells or on the cellular membrane, TEM was 

performed in all treated group by using single staining. Liver 

and kidney of treated and untreated animals showed no abnor-

mality and cellular damage in any treated group (Figure 11). 

Liver cells showed no damage. Rough endoplasmic reticulum, 

mitochondrial compartment, and nuclear membrane did not 

show any deformity. QDs and anti-HER2ab-QDs seemingly 

do not damage the liver and kidney. Single staining was used 

to relocate QDs nanocrystals in the TEM image.

Figure 6 (To be continued).
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the anti-HER2ab-QDs treated group (Figure 6A, B, C). The 

increase in GGTP level was directly associated with kidney 

function while the increase in the level of bilirubin was 

directly associated with liver function. Changes in GGTP 

level were nonsignificant and bilirubin level increased 

 significantly in both the QDs and anti-HER2ab-QDs treated 

groups (Figure 6D, E).

rOs estimation
An increase in ROS level was detected in both QDs and anti-

HER2ab-QDs treated groups. ROS increase was higher in 

both anti-HER2ab-QDs and QDs treated groups than in the 

control. In QDs treated animals a significantly higher increase 

was observed compared with control and anti-HER2ab-QDs 

treated animals. ROS was 6 U in the anti-HER2ab-QD group 

and 14 U in QDs treated animals. These results indicate that 

the HER2ab coated QDs are less toxic than noncoated QDs 

(Figure 7).

cadmium concentration in liver  
and kidney
Cadmium concentration in liver, kidney, and spleen was 

calculated by energy dispersive X-ray fluorescence (EDXRF) 

spectroscopy and expressed in µg/gm tissue (Figure 8). 

In QDs treated animals the concentrations of cadmium in 

liver and kidney were 3.85 ± 0.06 µg and 1.12 ± 0.1 µg, 

respectively, higher than in anti-HER2ab-QDs (2.9 ± 0.12 µg, 

0.49 ± 0.05 µg) and control (0.05 ± 0.01 µg, 0.034 ± 0.01 µg) 

animals, respectively. In spleen concentrations in QDs, 

anti-HER2ab-QDs, and control samples were 0.11 ± 0.02, 

0.073 ± 0.01 and 0.021 ± 0.01 µg, respectively.

comet assay for DNA damage
Figure 9 shows the comet assay genotoxicity study results 

for QDs and anti-HER2ab-QDs treated animals. Slides were 

assayed for single strand DNA breaks. It is evident from the 

graph that the comet length was higher in QDs treated samples 

than anti-HER2ab-QDs and its corresponding control. Tail 

lengths were 53.4 ± 2.5 µm, 10.3 ± 1.2 µm, and 1.3 ± 0.2 µm 

in QDs, anti-HER2ab-QD, and control groups, respectively. 

Tail migration was 39.5 ± 2.1 µm, 11.0 ± 0.6 µm, and 

0.4 ± 0.03 µm and tail moment was 16.4 ± 1.3, 6.5 ± 0.4, 

and 0.3 ± 0.01 in QDs, anti-HER2ab-QD, and control groups, 

respectively.

Microscopic examination
Histological assessment of tissues was conducted to 

determine whether or not the QDs themselves or their 
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cell apoptotic study
Apoptotic cells are permeable to YO-PRO-1 green fluorochrome 

and impermeable to PI. Thus, use of combined  YO-PRO-1 and 

PI dyes provides a sensitive indicator for apoptosis. Typical 

histograms of liver and kidney cells labeled with YO-PRO-1/PI 

are shown in Figure 12A–F. Using  YO-PRO-1/PI, 3 peaks of 

cells were clearly detected: i) necrotic cells, labeled with PI, 

M1 peak, ii) living cells, with low permeability membranes, 

M2 peak, and iii) apoptotic cells (ie, living cells with modified 

membranes, M3 peak. Induction of apoptosis in the liver and 

kidney cells increased the number of living cells exhibiting a 

high permeability to YO-PRO-1 (Figure 12C, F). Treatment 

with QDs increased the proportion of cells exhibiting high 

permeability to YO-PRO-1 (Figure 12C, F) compared to 

control and anti-HER2ab-QDs treated groups (Figure 12A, 

B, D, E). Data indicated that the nonconjugated QDs induced 
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factors determing toxicity.40 A research group in Toronto 

University showed that the QDs are nontoxic in low 

 concentrations, which can be used for bioimaging.24 It has 

also been reported by another group that QDs at low or 

high doses do not affect phenotypic response in cells.41 

In our findings, no unusual physiological responses were 

shown in any treated group. Body weight increased accord-

ing to age in all groups and no significant decrease was 

observed in any treated group (Figure 3). Nonsignificant 

changes in organ coefficients in all groups indicated no 

severe damage, tumor progression, or inflammation in 

any major organ, such as liver, kidney, spleen, and brain 

(Figure 4). QDs samples were intravenously injected 

in all animal groups, interacting in the whole body first 

with blood and its components. Interaction of QDs with 

blood components and the release of Cd2+ ions may cause 

various immunogenic responses, inflammation, and 

changes in hematological factors such as WBCs, platelets, 

hemoglobin, and the blood components involved in RBC 

maturation.42 Changes in hematological parameters were 

nonsignificant in all treated groups except WBC count 

(Figure 5) (P , 0.05). Where WBCs counts differed, the 

percentage of  lymphocytes responded differently from that 

of neutrophils. WBCs returned to the control value within 

6 weeks, while neutrophils levels changed significantly 

during the whole experiment compared with control. These 

changes can be associated with immunogenic response of 

60.0

50.0

40.0

30.0

20.0

10.0

0.0
QD HER–QD Control

*

* *

*
*

Tail length

Tail moment

Tail migration

53.4 10.3

6.5

11.0

1.3

0.3

0.4

16.4

39.5

C
o

m
et

 v
al

u
e 

(µ
m

)

Figure 9 graphical representation of comet assay from blood sample of quantum 
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group of animal and y-axis represent comet values (tail moment, tail migration, and 
tail length). statistical analysis was performed with a 2-sample t-test, unknown and 
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apoptosis to some extent but anti-HER2ab-QDs and control 

group animals showed no apoptosis.

Discussion
Because of the increasing use of QDs in biomedical 

research, it has become extremely important to understand 

the impact and toxicity of QDs on cells and ultimately on 

the living system. Very few in-vivo toxicity studies of 

QDs have been published and some of these have sug-

gested that surface coating of QDs is one of the dominant 
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buffered saline, quantum dots (QDs), and anti-HER2ab-QDs. One-headed arrow indicates tissue damage (yellow), mineralization (green), and protein fluid (black).
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QDs because the size of the QDs used in this study is very 

close to the size of immunogens.43,44 The changes in WBCs 

count were nonsignificant in Wistar rats treated with anti-

HER2-ab coated CdSe QDs,24 because the nanocrystals are 

less toxic when their surface is better protected by coating 

with various biocompatible materials.

The clearance rate of nanoparticles from the body 

depends on their size and the coated materials used. QDs 

A

B

C

Figure 11 TeM images of liver and kidney of quantum dots (QDs) and anti-her2ab-QDs treated Wistar rats: A) control (liver), B) animals treated with QDs (liver), C) animals 
treated with anti-her2ab-QDs, D) control kidney, E) animals treated with QDs, F) animals treated with anti-her2ab-QDs. single staining was used for all TeM analysis. random 
circle in the image show nucleolus, arrow in white color show mitochondria and red arrow indicate rer (rough endoplasmic reticulum).

D

E

F

 biocompatibility is directly associated with its rate of  clearance 

from the body.45 Long-term deposition of the QDs may be 

hazardous to the body. EDXRF results indicates an increased 

level of cadmium in liver and kidney of QDs treated animals, 

but cadmium level was not significantly high in the spleen.26 

From the EDXRF results QDs deposition was evident in liver 

and kidney of QDs treated animals (Figure 8). It is evident 

from previous studies that the long-term deposition may 
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Figure 12 Live/dead cell viability assay of the liver and kidney of Wistar rats treated with 100 µL of 500 nM quantum dots (QDs) and anti-her2ab-QDs. Typical histograms 
of YO-PrO-1/PI stained liver and kidney cells. A–C) liver cells (control, anti-her2ab-QDs, and QD respectively); D–F) kidney cells (control, anti-her2ab-QDs, and QD 
respectively).

cause changes in the blood serum enzymatic composition, 

 inflammation, tissue damage, and genotoxic effect.29,46,47 

Serum proteins and the level of particular enzymes in blood 

serum are good indicators of hepatocellular injury, hepatic 

inflammation, kidney function impairment, and cholestesis 

 (reduction in flow of bile juice).48 ALP concentration decreased 

significantly (P , 0.05) in the QDs treated group but the 

changes were nonsignificant in the anti-HER2ab-QDs group 

(Figure 6). An increase in ALP is directly associated with liver 

function. A very high ALP level indicates abnormality in liver 

and kidney function. Elevated serum ALP activity is related to 

be symptomatic of that found in liver diseases, biliary system, 

and to those of pancreas. GGTP level did not significantly 

change in any group. On the other hand, ALT and AST levels 

significantly increased in the QDs treated group but not in the 

anti-HER2ab-QDs group. Changes in ALT and AST levels are 

indicators of hepatocellular level damage. An increased level 

of these enzymes in QDs treated group confirms impairment 

of hepatic function. Biochemical results indicated that the 

anti-HER2ab-QDs were not toxic to animal systems in the 

concentrations used for this experiment, while QDs treated 

animals showed significant changes (Figure 6).
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Generation of ROS by CdSe QDs has been reported 

by many groups.29,49 Increased ROS can produce high 

amounts of H
2
O

2
 in the cellular environment, resulting in 

modification to and damage of cellular components, such 

as lipids, proteins, and DNA.50,51 ROS are known to medi-

ate cell death in a variety of cell types. A previous study 

reported production of ROS by nonconjugated CdSe/ZnS 

QDs in the presence and absence of light.49 In our find-

ings ROS level was higher in the QDs treated group than 

in anti-HER2ab-QDs and control groups (Figure 7). An 

increase in ROS level is the indicator of toxicity induced 

by QDs, which was lower in anti-HER2ab-QDs treated 

animal group.29 On the other hand, the higher comet tail 

migration noted in the QDs group indicates genotoxicity 

(Figure 9). In the genotoxicity study, tail migration was 

slightly higher in the anti-HER2ab-QDs group than in 

control, because the QDs core was highly protected in 

the anti-HER2ab-QDs treated animals and the rate of 

clearance was high. The potential breakdown of QDs with 

time and the persistence of Cd2+ and Se2– ions over a week 

or two in the liver and kidney is directly associated with 

toxicity. Previous studies have shown that bare QDs can 

injure cells, inducing damage to the plasma membrane, 

mitochondrion, and nucleus.29

Histological examination of liver, kidney and spleen did 

not show severe toxicity but inflammation was observed in 

the liver of QDs treated animals. Spleen and kidney also 

indicated some moderate pathological symptom but no 

evident symptoms were found in anti-HER2ab-QDs treated 

animals (Figure 10).24 QDs deposition was not evident in 

TEM analysis of the liver and kidney. No evidence of tissue 

damage appeared in TEM image analysis and the cellular 

structure was intact (Figure 11). A loss of plasma membrane 

integrity is considered an early event in necrosis and a late 

event in apoptosis.24,46,47 Nuclear condensation with DNA 

fragmentation is a mark of apoptotic cell death, whereas, in 

necrosis, nuclei are swollen. Cell apoptosis was not evident 

in liver and kidney of the anti-HER2ab-QDs treated group 

(Figure 12). Overall, the findings indicate that anti-HER2ab-

QDs are not toxic in the concentrations used above. Usually 

the concentrations used for in-vitro and in-vivo bioimaging 

are less than the concentrations we tested for toxicity assess-

ment. This study supports the use of anti-HER2ab-QDs for 

breast cancer bioimaging. Anti-HER2ab-QDs can be used 

as probe for breast tumor detection at the initial stage tumor. 

These QDs can also be conjugated with other antibody and 

small ligand for imaging, diagnosis and drug targeting of 

other cancer types.

Acknowledgments
The author (DKT) is thankful to the Council of Scientific 

and Industrial Research (CSIR), India for fellowship grant 

during the period of study (award No. 09/263 (0706)/2008/

EMR-I). The authors would also like to thank Advance 

Research Instrumentation Facility, JNU staff for help in 

TEM and ED-XRF analysis and School of Life Sciences, 

JNU staff for FACS analysis.

Disclosure
The authors disclose no conflicts of interest.

References
 1. Alivisatos AP. The use of nanocrystals in biological detection. 

Nat Biotechnol. 2004;22:47–52.
 2. Ferrari M. Cancer nanotechnology: opportunities and challenges. 

Nat Rev Cancer. 2005;5:161–171.
 3. Niemeyer CM. Nanoparticles, proteins, and nucleic acids: biotechnology 

meets materials science. Angew Chem Int Ed. 2001;40:4128–4158.
 4. Derfus AM, Chan WCW, Bhatia SN. Probing the cytotoxicity of semi-

conductor quantum dots. Nano Lett. 2004;4:11–18.
 5. Kirchner C, Liedl T, Kudera S, et al. Cytotoxicity of colloidal CdSe 

and CdSe/ZnS nanoparticles. Nano Lett. 2005;5:331–338.
 6. Hardman RA. Toxicological review of quantum dots: toxicity depends 

on physicochemical and environmental factors. Environ Health 
 Perspect. 2006;114:165–172.

 7. Ryman-Rasmussen JP, Riviere JE, Monteiro-Riviere NA. Surface 
coatings determine cytotoxicity and irritation potential of quantum 
dot nanoparticles in epidermal keratinocytes. J Invest Dermatol. 2007; 
127:143–153.

 8. Hood JD, Bednarski M, Frausto R, et al. Tumor regression by targeted 
gene delivery to the neovasculature. Science. 2002;296:2404–2407.

 9. Duncan R. Polymer conjugates as anticancer nanomedicines. Nat Rev 
Cancer. 2006;6:688–701.

 10. Couvreur P, Vauthier C. Nanotechnology: intelligent design to treat 
complex disease. Pharm Res. 2006;23:1417–1450.

 11. Moghimi SM, Hunter AC, Murray JC. Long-circulating and target-
specific nanoparticles: theory to practice. Pharmacol Rev. 2001; 
53:283–318.

 12. Torchilin VP. Micellar nanocarriers: pharmaceutical perspectives. 
Pharm Res. 2007;24:1–16.

 13. McCarthy JR, Kelly KA, Sun EY, Weissleder R. Targeted delivery 
of multifunctional magnetic nanoparticles. Nanomedicine. 2007; 
2:153–167.

 14. Harisinghani MG, Barentsz J, Hahn PF, et al. Noninvasive detection 
of clinically occult lymph-node metastases in prostate cancer. N Engl 
J Med. 2003;348:2491–2499.

 15. Rhyner MN, Smith AM, Gao XH, Mao H, Yang L, Nie SM. Quantum 
dots and multifunctional nanoparticles: new contrast agents for tumor 
imaging. Nanomedicine. 2006;1:209–217.

 16. Xing Y, Chaudry Q, Shen C, et al. Bioconjugated quantum dots for 
multiplexed and quantitative immunohistochemistry. Nat Protoc. 2007; 
2:1152–1165.

 17. Wu XY, Liu HJ, Liu JQ, et al. Immunofluorescent labeling of cancer 
marker Her2 and other cellular targets with semiconductor quantum 
dots. Nat Biotechnol. 2002;21:41–46.

 18. Gao XH, Cui YY, Levenson RM, Chung LWK, Nie SM. In-vivo 
cancer targeting and imaging with semiconductor quantum dots. Nat 
Biotechnol. 2004;22:969–976.

 19. Liu Z, Cai WB, He LN, et al. In-vivo biodistribution and highly efficient 
tumor targeting of carbon nanotubes in mice. Nat Nanotech. 2007; 
2:47–52.

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine

Publish your work in this journal

Submit your manuscript here: http://www.dovepress.com/international-journal-of-nanomedicine-journal

The International Journal of Nanomedicine is an international, peer-
reviewed journal focusing on the application of nanotechnology 
in diagnostics, therapeutics, and drug delivery systems throughout 
the biomedical field. This journal is indexed on PubMed Central, 
MedLine, CAS, SciSearch®, Current Contents®/Clinical Medicine, 

Journal Citation Reports/Science Edition, EMBase, Scopus and the 
Elsevier Bibliographic databases. The manuscript management system 
is completely online and includes a very quick and fair peer-review 
system, which is all easy to use. Visit http://www.dovepress.com/ 
testimonials.php to read real quotes from published authors.

International Journal of Nanomedicine 2011:6 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

Dovepress

475

In-vivo toxicity of quantum dots

 20. Weissleder RK, Kelly EY, Sun T, Shtatland LJ. Cell-specific targeting 
of nanoparticles by multivalent attachment of small molecules. Nat 
Biotechnol. 2005;23:1418–1423.

 21. Lee ES, Na K, Bae YH. Polymeric micelle for tumor pH and folate-
mediated targeting. J Control Release. 2003;91:103–113.

 22. Kim S, Lim YT, Soltesz EG, et al. Near infrared fluorescent type II 
quantum dots for sentinel lymph node mapping. Nat Biotechnol. 2003; 
22:93–97.

 23. Geys J, Nemmar A, Verbeken E, et al. Acute toxicity and prothrombotic 
effects of quantum dots: impact of surface charge. Environ Health 
Perspect. 2008;116:1607–1613.

 24. Tanya SH, Robin EA, Hans CF, Susan N, Warren CWC. In-vivo 
quantum-dot toxicity assessment. Small. 2009;6:138–144.

 25. Tan SJ, Jana NR, Gao S, Patra PK, Ying JY. Surface-ligand-dependent 
cellular interaction, subcellular localization, and cytotoxicity of 
polymer-coated quantum dots. Chem Mater. 2010;22:2239–2247.

 26. Fischer H, Liu L, Pang K, Chan WCW. Pharmacokinetics of nanoscale 
quantum dots: in-vivo distribution, sequestration, and clearance in the 
rat. Adv Funct Mater. 2006;16:1299–1305.

 27. Ballou B, Lagerholm B, Ernst L, Bruchez M, Waggoner A. Non-
invasive imaging of quantum dots in mice. Bioconjugate Chem. 2004; 
15:79–86.

 28. Hoshino A, Fujioka K, Oku T, et al. Physicochemical properties and 
cellular toxicity of nanocrystal quantum dots depend on their surface 
modification. Nano Lett. 2004;4:2163–2169.

 29. Lovric´ J, Cho JS, Winnik FM, Maysinger D. Unmodified cadmium 
telluride quantum dots induce reactive oxygen species formation lead-
ing to multiple organelle damage and cell death. Chem Biol. 2005; 
12:1227–1234.

 30. Jaiswal JK, Mattoussi H, Mauro JM, Simon SM. Long-term multiple 
color imaging of live cells using quantum dot bioconjugates. Nat 
 Biotechnol. 2003;21:47–51.

 31. Yang RH, Chang LW, Wu JP, et al. Persistent tissue kinetics and redistri-
bution of nanoparticles, quantum dot 705, in mice: ICP-MS quantitative 
assessment. Environ Health Perspect. 2007;115:1339–1343.

 32. Dubertret B, Skourides P, Norris DJ, Noireaux V, Brivanlou AH, 
Libchaber A. In-vivo imaging of quantum dots encapsulated in phos-
pholipid micelles. Science. 2002;298:1759–1762.

 33. Cho SJ, Maysinger D, Jain M, Roder B, Hackbarth S, Winnik FM. 
Long-term exposure to CdTe quantum dots causes functional impair-
ments in live cells. Languir. 2007;23:1974–1980.

 34. Maysinger D, Behrendt M, Lalancette-Herbert M, Kriz J. Real-time 
imaging of astrocyte response to quantum dots: in-vivo screening 
model system for biocompatibility of nanoparticles. Nano Lett. 2007; 
7:2513–2520.

 35. Jin T, Fujii F, Komai Y, Seki J, Seiyama A, Yoshioka Y. Preparation 
and characterization of highly fluorescent, glutathione-coated near 
infrared quantum dots for in-vivo fluorescence imaging. Int J Mol Sci. 
2008;9:2044–2061.

 36. Chen C, Peng J, Xia H, et al. Quantum-dot-based immunofluorescent 
imaging of HER2 and ER provides new insights into breast cancer 
heterogeneity. Nanotechnology. 2010;21:95–101.

 37. Tada H, Higuchi H, Watanabe TM, Ohuchi N. In-vivo real-time track-
ing of single quantum dots conjugated with monoclonal anti-HER2 
antibody in tumors of mice. Cancer Res. 2007;67:1138–1144.

 38. Bradford MM. A rapid and sensitive for the quantitation of microgram 
quantitites of protein utilizing the principle of protein-dye binding. Anal 
Biochem. 1976;72:248–254.

 39. Hayashi I, Morishita Y, Imai K, Nakamura M, Nakachi K, Hayashi T. 
High throughput spectrophotometric assay of reactive oxygen species 
in serum. Mut. Res. 2007;631:55–61.

 40. Li HC, Zhou QF, Liu W, Yan B, Zhao Y, Jiang GB. Progress in the 
toxicological researches for quantum dots. Sci China Ser B Chem. 2008; 
51:393–400.

 41. Zhang T, Stilwell JL, Gerion D, et al. Cellular effect of high doses of 
silica-coated quantum dot profiled with high throughput gene expression 
analysis and high content cellomics measurements. Nano Lett. 2006; 
6:800–804.

 42. Karmakar R, Bhattacharya R, Chatterjee M. Biochemical, haematologi-
cal and histopathological study in relation to time-related cadmium-
induced hepatotoxicity in mice. BioMetals. 2000;13:231–239.

 43. Shin SH, Ye MK, Kim HS, Kang HS. The effects of nanosilver on the 
proliferation and cytokine expression by peripheral blood mononuclear 
cells. Int Immunopharmacol. 2007;7:1813–1818.

 44. Kim S, Choi JE, Choi J, et al. Oxidative stress-dependent toxicity of 
silver nanoparticles in human hepatoma cells. Toxicol in-vitro. 2009; 
23:1076–1084.

 45. Choi HS, Liu W, Misra P, et al. Renal clearance of quantum dots. Nat 
Biotechnol. 2007;25:1165–1170.

 46. Schipper ML, Ratchford NN, Davis CR, et al. A pilot toxicology study 
of single-walled carbon nanotubes in a small sample of mice. Nat 
Nanotechnol. 2008;3:216–221.

 47. Bhabra G, Sood A, Fisher B, et al. Nanoparticles can cause DNA damage 
across a cellular barrier. Nat Nanotech. 2009;4:876–883.

 48. Dufour DR, Lott JA, Nolte FS, Gretch DR, Koff RS, Seeff LB. Diag-
nosis and monitoring of hepatic injury. II. Recommendations for use 
of laboratory tests in screening, diagnosis, and monitoring. Clin Chem. 
2000;46:20–27.

 49. Green M, Howman E. Semiconductor quantum dots and free radical 
induced DNA nicking. Chem Comm (Camb). 2005; 121–123.

 50. Prestwich EG, Roy MD, Rego J, Kelley SO. Oxidative DNA strand 
scission induced by peptides. Chem Biol. 2005;12:695–701.

 51. Oberdorster G, Maynard A, Donaldson K, et al. Principles for character-
izing the potential human health effects from exposure to nanomaterials: 
elements of a screening strategy. Part Fibre Toxicol. 2005;2:8.

http://www.dovepress.com/international-journal-of-nanomedicine-journal
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
www.dovepress.com

	Publication Info 2: 
	Nimber of times reviewed: 


