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Abstract

Semiconductor QDs are being developed as fluorescent tags for biomedical applications such as
imaging, targeting, therapeutic carriers, drug delivery, nanomedicine, and in vitro and in vivo
biological labeling. However, potential toxicity and clearance of semiconductor QDs in biological
systems are of concerned. We have tested toxicity and clearance in vitro and in vivo (subcutaneous)
of CdTe and CdHgTe semiconductor QDs in human breast cancer MCF7 and MBA-MD-231 cells
and prostate cancer PC3 cells over a period of 40 days. Our results show that both CdTe and CdHgTe
QDs are cytotoxic to human breast and prostate cancer cells. CdHgTe ODs were cleared rapidly from
the site of injection, while CdTe were still detectable 18 days after injection, but were cleared by 30
days.
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1. INTRODUCTION

Semiconductor QDs have been developed as fluorescence tags in biological and medical
applications such as in vitro and in vivo biological labeling, imaging,1~® targeting,’:8
therapeutic carriers and drug delivery.9~13 To avoid QD aggregation, improve water-solubility
and biocompatibility, and exert specific surface chemistry for targeting and delivery, various
conformations of semiconductor QDs, such as core-shell structure, organic molecule-modified
geometry, and functional polymer capped structure have been developed!4~16. Semiconductor
QDs are shown to have advantages of efficient luminescence, high photobleaching threshold,
flexible surface chemistry, and good water-solubility for biological and medical applications.
However, the issues of toxicity and clearance of QDs in bio-systems are of concern,17=24 as
these two issues are not fully understood and must be carefully assessed if QDs are to move
from scientific curiosity to biomedical application.

Several reports have examined the toxicity and clearance of QDs.8:18-32 One common
understanding for toxicity of cadmium-containing semiconductor QDs is that their toxicity is
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closely related to the concentration of free Cd2*17:21,22,28,29 Derfus et al observed that the
cytotoxicity of CdTe QDs was correlated to the liberation of free Cd2*2% and Zhang et al
recently presented similar evidence showing that the cytotoxicity of QDs behaves in a
concentration- and size-dependent mannerl”. Another common assumption is that surface
capping layers of QDs synthesized under different methods may contribute to the level of
toxicity following different mechanisms such as oxidation and breakdown of nanostructures.
21,22,28 The distribution and damage of QDs to organs are highly variable, and the clearance

of QDs in bio-system also varies according to the concentration and structure of QDs.28: 33,
34

In this paper, we assess the toxicity and clearance of semiconductor CdTe and CdHgTe QDs
in vitro in human breast and prostate cancer cells and in vivo following subcutaneous injection
in mice.

2. MATERIALS AND METHODS
2.1 Synthesis of Semiconductor CdTe and CdHgTe QDs

The preparation of CdTe QDs has been reported elsewhere.35738 The QDs were stabilized by
thioglycolic acid (TGA) on their surfaces, enhancing water solubility, and facilitating
conjugation with ligands. The average sizes of QDs used was 6-8 nm. The procedures for
making CdTe QDs are briefly described as follows: CdTe QDs were created by the reaction
of precursors containing cadmium perchlorate hydrate [Cd(ClO4),*H,0] and hydrogen
telluride (H,Te) through vigorous stirring. The Cd2* solution was prepared by dissolving 731
mg of Cd(ClO4)2*H,0 in 125 mL of water. TGA (0.396 mL) was then added to the solution.
0.1M NaOH solution was also added to adjust the pH to approximately 11. The solution was
then purged with nitrogen for at least 30 minutes. HoTe gas was produced by the chemical
reaction of excess aluminum telluride with 0.5 M sulfuric acid in an inert atmosphere (nitrogen)
and was combined with the above Cd2* solution using a set-up described previously36. After
completion of the reaction a yellow solution of CdTe QD nuclei was obtained. This solution
was then refluxed at 100 °C to promote crystal growth. The QDs were extracted and stored at
4 °C in the dark. The near infrared emitting CdHgTe QDs were obtained by adding 2.5 ml of
0.1 M mercury perchlorate solution to 50 ml of CdTe QD solution to gradually form CdHgTe
QDs.

2.2 Fluorescent Imaging

2.3 Toxicity

Red CdTe and Infrared CdHgTe QDs with fluorescence emission peaks in the 650 nm and 900
nm ranges, respectively were used. Imaging was performed using a multispectral Maestro
Fluorescent Imaging System (Cri, Waltham, MA) with a green filter. For in vivo fluorescent
imaging experiments CdTe and CdHgTe QDs (50 ul) were injected subcutaneously into mice
at two locations. A mouse was anesthetized with 80 ul of a mixture of ketamine, xylazine, and
acepromazine. Fluorescent images were acquired immediately after injection of CdTe and
CdHgTe QDs with 100 ms exposure. CdTe and CdHgTe clearance and toxicity were monitored
over a period of 40 days.

Human breast cancer MCF7 and MDA-MD-231 cells and prostate cancer PC3 cells were
seeded in 96-well plates (Costar, Corning, NY) at a concentration of 1 x 10% cells in 100 ul of
medium per well. Each treatment condition was assessed in groups of 8. After 24 hours, the
medium was aspirated and new medium containing the QDs were added. At the indicated time,
total cell number was determined using a crystal violet assay. Briefly, the medium was aspirated
and 1% glutaraldehyde (100 pl; Sigma, St. Louis, MO) in PBS was added for incubation for
15 minutes. After removing glutaraldehyde, 0.5% crystal violet (Sigma) was incubated for 15
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minutes, and the plates were washed with water (twice) and soaked in water for 10 min before
drying at room temperature. Once dry, 100 pl of Sorenson’s solution (a solution of 9 g tri-
sodium citrate in 305 ml of distilled water with 195 ml 0.1 N HCI and 500 ml 90% ethanol)
was added to elute the crystal violet. After 30 minutes, it was read at 540 nm using an ELX800
microplate reader (Bio-Tek Instruments, Winooski, VT).

3. RESULTS AND DISCUSSION

We tested the concentration and time-dependent cytotoxicity of CdTe and CdHgTe QDs in
human breast cancer MCF7 and MBA-MD-231 cells and prostate cancer PC3 cells. Both CdTe
and CdHgTe QDs showed concentration-dependent cytotoxicity (Figs. 1 and 2) for each cell
type. Intriguingly, cytotoxicity of CdTe QDs increased with exposure time, but this was not
seen for CdHgTe for any of the tumor cell lines. For 24 hrs exposure, there was minimal
cytotoxicity up to 5 uM, but it increased significantly with higher concentrations.

When CdTe and CdHgTe QDs (50 uL) were injected subcutaneously into a group of 6 mice
at two locations all survived and fluorescent images were acquired immediately and up to 40
days. Figure 3(a) shows the in vivo fluorescence spectra of CdTe and CdHgTe QDs at 650 nm
and 900 nm. Figure 3(b) indicates the change of fluorescence signals for CdTe and CdHgTe
QDs over 30 days. The fluorescent signals from CdTe QDs decayed more slowly than those
of CdHgTe QDs. CdTe QDs still showed 15% fluorescent intensity after 18 days, but signal
disappeared by 30 days. The fluorescent signals from CdHgTe QDs decayed rapidly and no
fluorescent signal was detectable by the 6th day. The first row in Figure 3(c) shows the
fluorescence images of a mouse 1, 6, 18 and 30 days following subcutaneous injection of 50
uL CdHgTe (left fluorescence spot) and CdTe (right fluorescence spot) QDs. Fluorescence
from CdTe QDs could be observed clearly at 18 days, while the fluorescence from CdHgTe
QDs persisted less than 6 days. The discrepancy in fluorescence decay may be due to the lower
chemical-stability of CdHgTe in comparison with CdTe QDs. Spectral unmixing showed the
fluorescent images individually for CdTe and CdHgTe QDs, respectively (Figure 3c, second
and third rows), Combined images of QDs overlaid on auto fluorescence (Figure 4d).

CONCLUSION

Both CdTe and CdHgTe QDs could be detected by fluorescent imaging in vitro and in vivo.
Both CdTe and CdHgTe QDs showed some cytotoxicity in human breast MCF7 and MBA-
MD-231 and prostate cancer PC3 cells at 5 uM. CdTe QD toxicity increased with exposure
time, but this was not seen in CdHgTe QDs. CdTe QDs could be observed in vivo following
SC administration in mice for up to 18 days, while the fluorescent signal in CdHgTe
disappeared within 6 days, possibly due to instability.
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Figure 1.
Cytotoxicity of CdTe and CdHgTe QDs in breast cancer MDA-MB-231 and MCF7 Cells
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Figure 2.
Cytotoxicity of CdTe and CdHgTe QDs in prostate cancer PC3 cells
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Figure 3.

(a) Fluorescence spectra of CdTe and CdHgTe QDs; (b) CdTe and CdHgTe clearance in
vivo; (c) First row: Fluorescence images of grey mouse following subcutaneous injection of
50 uL CdHgTe (left fluorescent spot) and CdTe (right fluorescent spot) QDs observed at 1, 6,
18 and 30 days; Second row: Spectrally unmixed images to show CdTe; Third row: Spectrally
unmixed images showing CdHgTe QDs. Fourth row: Combined images of CdTe and CdHgTe
overlaid on autofluorescence.
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