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1. Introduction 
 

Quantum dots (QDs) are inorganic crystalline nanoparticles made of semiconducting materials. 
QDs used for biological applications typically are composed of three different layers starting with a 
core, normally cadmium selenide (CdSe) that is coated with a semiconductor outer shell of zinc 
sulphide (ZnS). The core-shell ranges between 3 to 10 nm in size and the core size defines the 
fluorescence emission of the QDs. The third layer is composed of a polymer which solubilises the QDs 
while incorporating specific functional groups such as proteins and chemical compounds which allow 
specific binding to the desired target. The final size of the QDs is estimated to be up to 10-20 nm 
larger than their initial core [1].  

Since Nie et al. and Alivisatos et al. published the first reports describing the use of QDs as 
fluorescent labels for biomolecules in 1998 [2, 3], interest in their applications has increased 
enormously. QDs are revolutionising many techniques in biological and biomedical analysis and their 
use has been reported in many applications including cell imaging [4, 5], multiplexed analysis of 
living cells [6, 7], imaging of entire subcellular structures [8], detection and targeting of specific cells 
[9], tracking cells over long periods of time [10] and labeling tissues and live microorganisms [11-14]. 
QDs are being used currently as a novel fluorophores
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solution. A portion (70 µL) was tr
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mercury lamp for broad-band excitation. The filters selected for UV excitation were DM 400 and L-
420 which reflect all light under 400 nm but allow the passage of wavelengths longer than 420 nm. 
The filter set selected for blue light excitation utilised BP 490, DM 500 and a supplementary exciter 
filter AFC 515 which reflects light from 490 nm to 500 nm onto the sample, collecting all the light 
above 515 nm. Samples were directly mounted onto slides by mixing 5 µL of sample with 5 µL of 
Citifluor AF-3 (Citifluor Ltd, UK) and sealing with
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filter (Figure 4D). A data file containing 3,000 events was recorded for each sample analyzed. The 
fluorescence intensity obtained from both LinkerFITC-bead complexes and QD-bead complexes was 
plotted on a histogram, showing that the fluorescent intensity of QD-bead complexes was higher than 
FITC at the same concentrations (Figure 4E). 

 
Figure 4. Flow cytometric analysis of bead-fluorophore complexes. A; Unlabelled beads 
on a dot-plot of FL1 (x-axis) versus FSC (y-axis) were positioned within the first decade of 
fluorescence. B: Unlabelled beads on a dot-plot of FL3 (x-axis) versus FCS (y-axis) were 
also positioned within the first decade. C: LinkerFITC-bead complexes on a dot-plot of 
FL1 (x-axis) versus FSC (Y-axis) at a concentration of 0.6 pmol of LinkerFITC. D: QDs-
bead complexes observed on a dot-plot of FL3 (y-axis) versus FSC (y-axis) at a 
concentration of 0.6 pmol of QDs showed increased intensities over FITC. E: A histogram 
of the fluorescent intensity for QD-beads (blue line) and LinkerFITC-beads (black line) 
complexes versus unlabeled beads (red line) at the same fluorophore concentration in 
solution (0.6 pmol). 
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Figure 4. Cont. 

 

2.7. Data Analysis 
 

Data analysis was carried out with CellQuest software obtained from BD Biosciences (Sydney, 
Australia). For data analysis, FL1 and FL3 histograms were created by gating on the events falling 
within the defined region (R1). Samples of QD655-bead complexes were analysed on the FL3 
histogram and the geo-mean value recorded (MFI value). The analysis program WinMDI version 2.8 
was use for all data presentation of CellQuest data files and was obtained by downloading it from the 
World Wide Web (http://facs.scripps.edu/softaware.html).   

2.8. Characterization of Probe Binding to QDs 
 

Quantitative and qualitative methods were explored to investigate the number of molecular probes 
that could be attached to a single QD. Hops-Yellow QDs were used in this assay for probe binding. A 
quantitative method was developed based on the absorption spectra of both the QDs and the probes. 
The QDs and the molecular probes have different spectral signatures and hypothetically, two distinct 
peaks should be observed when studying the spectra of QDs with bound probes. One peak should 
correspond to the absorption of the QDs and a second peak should correspond to the absorption of the 
probes. Thus it should be possible to quantify the number of probes bound per QD from the spectral 
signatures. However, the broad absorption spectrum of the QDs resulted in high background noise 
especially in the 200 – 300 nm region, making it impossible to distinguish any distinctive peak in this 
region. Therefore, the absorption peak of the probes could not be detected (data not shown). 

Gel electrophoresis was used as a qualitative method to determine the successful binding of the 
molecular probes to QDs. The size and the negative charge of the surface of the QDs made them 
suitable for gel electrophoretic analysis. Free QDs run faster through the gel as compared to QDs with 
bound molecular probes and they migrated more slowly than free oligonucleotide probes. Typical 
results from the gel electrophoretic analysis of QDs bound to oligonucleotide probes are shown below 
(see Figure 7). 
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Hops-Yellow QDs was observed under UV excitation (Figure 6E). However, Hops-Yellow QDs were 
found to form clusters on the surface of the Dynabeads, which resulted in agglomeration. 

 
Figure 6. Images of unlabelled beads and QD-bead complexes observed under UV and 
blue light by epi-fluorescence microscopy. A: Unlabelled beads under UV light. B: 
Unlabelled beads under blue light. C: QD655-bead complexes under UV light exhibiting a 
bright red fluorescence. D: QD655-bead complexes under blue light also exhibit a shift to 
red fluorescence. E: Hops-Yellow QD-bead complexes under UV light exhibited green 
fluorescence and clusters of yellow fluorescence due to agglomeration of the QDs. F: 
Hops-Yellow QD-bead complexes under blue light also exhibit green and yellow 
fluorescence.  
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3.3. Qualitative Demonstration of the Binding of QDs to Dynabeads 
 



Int. J. Mol. Sci. 2008, 9  
 

 

2633

 

The fluorescent signals of Dynabeads labelled with both fluorophores (FITC and QD655) were 
analyzed by flow cytometry and the MFI values collected (Figure 9). The MFI value of each sample 
was obtained by defining an elliptical region around the centre of the main fluorescing population of 
Dynabeads (R2). Once the region was defined, the MFI value was obtained using the CellQuest 
software. The maximum binding capacity of beads for oligonucleotides probes, as indicated by the 
product data sheet, was 200 pmol of biotinylated oligonucleotides per one milligram of beads (Dynal 
Biotech) or 10 pmol of biotinylated probe per 5 µL of Dynabeads stock solution. However, the binding 
capacity of Dynabeads appeared to be different for the two fluorophores examined. 

 
Figure 8. Flow cytometric analysis of QD655 bound to Dynabeads. Bivariate dot-plots 
defining log FL3 channel (y-axis) versus log SSC channel (x-axis) A; Unlabelled 
Dynabeads. A circular region (R2) was defined around the unlabelled Dynabeads. B; 
QD655 bound to Dynabeads. A significant increase in fluorescence emission by the 
complex confirmed successful binding of QD655 to the Dynabeads. 

 

      
 

Dynabeads labelled with QD655 were observed to reach maximum binding capacity at significantly 
lower concentrations than FITC (Figure 9). The fluorescent signal of QD655 bound to Dynabeads 
increased exponentially until they reached their saturation point (0.2 pmol). However, LinkerFITC 
bound to the beads confirmed the stated bead commercial binding capacity as the maximum 
fluorescent intensity was observed at 10 pmol of LinkerFITC per 5 µL of beads (Figure 9). The MFI 
value of each reaction showed that QD655 bound to Dynabeads could be clearly discriminated above 
the negative control at amounts QDs as low as 0.01 pmol. By comparison, the minimum amount 
required to detect clearly LinkerFITC bound to Dynabeads above the negative control was at a much 
higher concentration of 1 pmol. Thus, the QD655-b
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