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Abstract Cancer stands as a leading cause of mortality
worldwide and diagnostics of cancer still faces drawbacks.
Optical imaging of cancer would allow early diagnosis,
evaluation of disease progression and therapy efficiency.
To that aim, we have developed highly biocompatible PEG
functionalized cadmium chalcogenide based three differently
luminescent quantum dots (QDs) (CdS, CdSe and CdTe).
Folate targeting scheme was utilized for targeting cancer cell
line, MCF-7. We demonstrate the biocompatibility, specificity
and efficiency of our nanotool in detection of cancer cells
sparing normal cell lines with retained fluorescence of func-
tionalized QDs as parental counterpart. This is the first time
report of utilizing three differently fluorescent QDs and we
have detailed about the internalization of these materials and
time dependent saturation of targeting schemes. We present
here the success of utilizing our biocompatible imaging tool
for early diagnosis of cancer.

Keywords Cadmium chalcogenide QDs - PEG
biofunctionalization - Cancer imaging - Folate targeting -
Diagnostic tool

Introduction

Cancer has become a very common multifactorial disease
and cause of leading mortality worldwide [1, 2]. Increasing
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incidence of cancer worldwide demands advancements for
early diagnostics and for monitoring treatment regimens and
their outcomes. X-ray computed tomography (CT) and
Magnetic resonance imaging (MRI) are the current available
imaging techniques capable of identifying tumors anatomi-
cally [3]. However the sensitivity of these techniques is not
upto the mark at molecular level, limiting its potential ap-
plication in early cancer diagnostics [4]. Cancer nanotech-
nology has become a well researched interdisciplinary field
enabling fabrication of nanotools to yield high image con-
trast, sensitivity and specificity [5—7]. Recent research has
witnessed wide range of fluorescent nanomaterials applied
for biological imaging [8]. Fluorescent markers at single
molecular level are the need of the hour in particular for
imaging molecular events inside live cells, such as signaling
pathways for the study of cellular metabolism [9—14]. Fluo-
rescent nanoparticle based cancer imaging probes has been
researched and processes like synthesis, surface modifica-
tion and bioconjugation of nanotools for specificity in
cancer targeting are now well documented [15, 16]. Semi-
conductor quantum dots need special mention as imaging
tools because of their unique properties of bright photo-
stable nature. They possess size and composition adjustable
fluorescence emission wavelengths with broad absorption
spectrum and narrow emission spectrum [17-20]. Fluores-
cent QDs could be developed in typical size range of 2—
10 nm consisting of elements primarily from groups II and
VI and groups III and V in the periodic table. These QDs
show spectral emission order of magnitude higher than
conventional fluorophores. The surfaces of quantum dots
are easily available for surface modification [21].

QDs are usually synthesized by hot injection organome-
tallic route which makes them hydrophobic and are not
readily water soluble [22]. To make them water soluble time
consuming labor intensive coating methodologies are to be
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Fig. 1 Schematic
representation of PEG-Bio-
functionalized QDs

CdS QD CdSe QD CdTe QD DSPE-PEG DSPE-PEG-Folate

Fig. 2 TEM images of bare
cadmium chalcogenide QDs.

a TEM image of CdS QD.

b HRTEM of CdS QD. ¢ TEM
image of CdSe QD. d HRTEM
of CdSe QD. e TEM image

of CdTe QD. f HRTEM

of CdTe QD
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carried out. In addition, the coating methodologies can lead
to high toxicity, as in case of mercaptopropionic acid (MPA)
coated QDs. MPA is itself toxic and coating with them to
make water soluble will not help in biological applications.
Water soluble coating of QDs can also lead to reduction in
photostability of QDs and can decrease the luminescent
intensity when compared to the bare ones [23]. For applica-
tion in biology, we are in need of excellent biocompatible
highly specific QDs, which should not render any cytotox-
icity to cells and are highly specific to their targets sparing
normal cells [24]. In cancer diagnostics, high specific target-
ing and sensitivity are necessary to make these nanotools as
efficient diagnostic system when compared to available CT
and MRI systems.

To make QDs water soluble, hydrophilic surface coating
of QDs is necessary. PEG is considered to be best biocom-
patible material which is widely used to make nanotools
cyto-amaiable [25]. Lipids conjugated with PEG moieties
can be successfully utilized for preparation of highly bio-
compatible QDs without any loss in fluorescene intensity of
the QDs. Lipids and liposomal components are approved by
FDA and are already in formulations used in various ther-
agnostic regimens. Liposomal formulations possess hydro-
philic surface which are considered to be efficiently taken
up or internalized by live cells. In addition PEG-Lipid con-
jugates are available for extensive surface modification and
biofunctionalization due to their highly reactive functional
groups aiding in conjugation of antibodies, aptamers, pep-
tides etc.. for targeting cancer cells with high specificity [26,
27]. The preparation of QD Lipid-PEG conjugates has been
accomplished by encapsulating the hydrophobic core within
the aqueous lipid core with hydrophilic PEG moieties
branching exterior by film hydration process [28]. Especial-
ly PEG-DSPE moieties when coated onto nanomaterials are
known to increase the circulation time of nanotools by
decreasing the clearance by reticulo endothelial system
[29, 30].

Our objective is to utilize cadmium based QDs for effec-
tive imaging of tumor. Cadmium based QDs show excellent
luminescent properties but they are highly toxic due to
release of toxic cadmium ions. Here we report preparation
of highly biocompatible PEG-DSPE coated cadmium chal-
cogenide QDs (CdS, CdSe and CdTe) of blue, green and red
luminescence and application of them in cancer cell imaging
by folate targeting scheme. We are able to image cancer
cells with high specificity by sparing normal cells and we
could enhance the biocompatibility of these coated nano-
materials in normal cells. The biocompatibility of cadmium
based QDs increased by nearly 60% in case of PEG coating.
This is the first time report of utilizing three differently
luminescent cadmium based QDs and the reported biocom-
patibility achieved as high as 90% for PEG-Lipid coated
QDs without any passivating shell.

Experimental Section
Preparation of Cadmium Precursor for QD Synthesis

Cadmium chalcogenide QDs (CdS, CdSe and CdTe) were
prepared by conventional organometallic route. Cadmium
oxide was used as cadmium precursor and Sulfur, Se and Te
powder were used as chalcogenide precursors respectively.
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Fig. 3 EDS analysis of bare cadmium chalcogenide QDs. Elemental
analysis of CdS (a), CdSe (b) and CdTe (¢)
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0.01 mmole of Cadmium oxide was dissolved in octadecene
(10 ml), a noncoordinating solvent in the presence of oleic
acid (0.6 ml), as capping agent. The solution was heated to
200 °C under Argon atmosphere until the solution becomes
transparent.

Synthesis of CdS QDs

Sulfur precursor was prepared by adding 0.05 mmole of
Sulfur powder to 5 ml of octadecene. The solution was
stirred vigorously and heated to dissolve the sulfur powder
completely. The above prepared cadmium precursor was
heated to 300 °C and the 1 ml sulfur precursor kept at room
temperature was injected rapidly and the resulted solution
was cooled down to 260 °C and allowed the reaction to
carry out for 1 min. Transparent bright yellow color
appeared after reaction for 1 min which indicates the forma-
tion of CdS QDs.

Synthesis of CdSe QDs

0.05 mmole of Selenium powder was dissolved in octade-
cene and tri-n-octylphosphine (TOP) by heating the solution
until a clear suspension is obtained. Cadmium precursor
solution was heated to 225 °C and room temperature 1 ml
selenium precursor solution kept at room temperature was
quickly injected in it to initiate the reaction. The temperature
of the solution was decreased to 220 °C upon injection of
selenium precursor and the reaction was prolonged for
1 min to yield CdSe QDs.

Synthesis of CdTe QDs

Tellurium powder was dissolved in octadecene and tributyl-
phosphine (TBP) and the solution was stirred and heated
vigorously to yield clear solution of Te precursor. Cadmium
precursor was heated to 180 °C and 1 ml tellurium precursor
solution kept at room temperature was injected to it. The
solution was cooled to room temperature immediately to
quench the reaction because CdTe formation was quite
rapid.

Table 1 Zeta potential and hydrodynamic diameter of bare and PEG
bio-functionalized QDs

Type of  Zeta Potential (mV) Hydrodynamic diameter (nm)
QD
Bare  Bio-functionalized Bare  Bio-functionalized
Qb QD Qb QD
CdSQD 197 —8.59 7 232
CdSe QD  0.785 -2.77 4 179
CdTe QD —0.637 —9.94 5 208
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Biofunctionalization of QDs

The schematic representations of PEG-Bio-functionalized
QDs are shown in Fig. 1. Oleic acid capped cadmium
chalcogenide QDs prepared by above procedures were
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Fig. 4 Absorption and PL spectra of bare and cadmium chalcogenide
QDs. a CdS, b CdSe and ¢ CdTe. In the case of PL spectra we have
used an excitation wavelength of 365 nm
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Fig. 5 UV light (365 nm)
illumination of bare CdS (a),
CdSe (b) and CdTe (c¢) QDs

utilized for biofunctionalization. Thus prepared QDs were
precipitated with ethanol thrice and the final product was
dispersed in 10 ml chloroform. Maleiimide-PEG and Folate
conjugated PEG (PEG-Fol) dispersed in chloroform and
methanol was used for bioconjugation. 1 ml of QD suspen-
sion (dispersed in chloroform) was taken and Maleiimide-
PEG (PEG-Mal) and PEG-Fol were added to the QD sus-
pension and the solvent was gently evaporated completely
to yield thin film of QDs and PEG. This thin film was then
hydrated with 70 °C HEPES buffer of pH 6.7 and the
suspension was stirred and heated vigorously to yield clear
aqueous suspension of QDs functionalized with PEG moie-
ties. Empty micelles of PEG were completely removed by
ultra-centrifugation yielding biofunctionalized QDs.

Materials for Biological Studies

MCF-7 and L929 cell lines were obtained from Riken bio-
resources, Japan. Trypan blue, 0.025% Trypsin were pur-
chased from Sigma-Aldrich. Alamar blue toxicology Kkit,
DAPI and Lysotracker was purchased from Invitrogen.

Cell Culture Maintenance

MCF-7 and L929 cell lines were maintained in T25 flasks
using DMEM medium supplemented with 10% FBS and
antibiotics (100 U/ml penicillin and streptomycin). The cells
were sub-cultured every 2 days. The cells were maintained
in glass base dish for confocal studies and plated in six well
plates for biocompatibility phase contrast study and in 96
well plates for cytotoxicity studies.

Particle Characterization Studies

The morphology of cadmium chalcogenide QDs were stud-
ied with Field Emission Transmission Electron Micrograph,
TEM (JEM-2200-FS). The prepared nanocrystals was ana-
lysed under TEM to obtain fine structure of QDs and lattices
of the crystals. The UV—vis absorption and Photolumines-
cence (PL) spectra of bare and functionalized QDs were
studied using Shimadzu UV-2100PC/3100PC UV visible
spectrometer and Jasco FP750 spectrofluorometer. In the

case of bare QDs, the suspension was diluted using chloro-
form and subjected for absorption and PL analysis. For
functionalized QDs, HEPES buffer was used as solvent.
The QD suspension was illuminated using UV light
(365 nm) and its fluorescence was captured via Pentax
Optio W80 digital camera. Dynamic light scattering
(Malvern Zetasizer Nano-ZS) was employed to analyze the
size of these nanomaterials (Bare QDs and functionalized
QDs) in dispersion and their dispersive nature was also
studied after they were dissolved in their respective sol-
vents, chloroform in case of bare QDs and HEPES buffer
in case of functionalized QDs. Zeta potential of as synthe-
sized bare QDs and biofunctionalized QDs were also carried
out. EDS (JEOL JED-2300T) was carried out to analyze the
elemental composition of bare and functionalized QDs. FT-
IR spectrum was recorded for bare and bifunctionalized
QDs by Spectrum 100 FT-IR Spectrometer connected with
Universal ATR Sampling Accessory (Perkin Elmer). The
samples in their respective solvents were dropped on to
the ATR crystal and spectra were recorded.

Normalized intensity

400 500 600
Wavelenth (nm)

Fig. 6 PL spectra of PEG bio-functionalized QDs showing folate
emission peak along with respective QD peak. The blue, green and
red lines represents CdS, CdSe and CdTe at 365 nm excitation
respectively
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Fig. 7 FT-IR spectra of bare and PEG functionalized QDs. FT-IR
spectra of CdS (a), CdSe (b) and CdTe (c)
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Measuring the Cytotoxicity of Bare and Biofunctionalized
QDs

The cytotoxicity of bare QDs and PEG functionalized QDs
were studied in MCF-7 and L1929 cell lines using alamar
blue assay on 96 well plates. Alamar blue assay indicate
about the reduction ability of the cells denoting the active
metabolism occurring inside the cell. This active metabo-
lism reduces when the test materials show toxicity leading to
reduced reduction capability. The fluorescence intensity of
alamar blue assay was quantified at 580-610 nm. 5,000—
7,000 MCF-7 and L1929 cells were plated respectively and
were grown for 24 h or until visual confluency was noted.
Two different concentrations (100 pl, 1X and 10 ul, 0.1X)
of bare and biofunctionalized QDs dissolved in media were
added and incubated for 24 h and assayed further. The
experiment was conducted in triplicates and the viability
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Fig. 8 a Cytotoxicity of bare and PEG-bio-functionalized QDs in nor-
mal, 1929 cells. b Cytotoxicity of bare and PEG-bio-functionalized QDs
in cancer cell line MCF7. (100 pl—1X and 10 ul—0.1X of as prepared
QDs and biofunctionalized QDs were used)
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was assessed using a microplate reader (Multidetection
Microplate Scanner, Dainippon Sumitomo Pharma) by mea-
suring the absorbance and fluorescence intensity of the
resultant product.

Biocompatibility Test

MCF-7 and L929 cells were plated onto 6 well plates at a
count of 50,000—60,000 cells per well. The cells were grown
till visual confluency was reached and 1X concentration of
bare QDs and bioconjugated QDs were added and the plates
were incubated for 24 h. After 24 h, the cells were imaged
using phase contrast microscopy (Nikon Eclipse TE2000-U
with Nikon Intensilight C-HGFI) to note the biocompatibility
of bare and conjugated QDs.

Confocal Microscopy

To visualize the uptake of QDs (bare and bioconjugated) by
the cells, confocal microscopy was employed. Cells were
grown on glass base dish for 24 h with standard medium and
conjugated QDs was added at 1X concentration and were
incubated for two different time scale, 2 h and 4 h. After 2 h,
the nutrient medium was removed and the cells were
washed with PBS buffer twice and stained with DAPI and
lysotracker and were viewed under confocal microscopy
(Olympus IX 81 under DU897 mode).

Day1

MCF7 cells L929 cells

CdsS QD
treated

CdSe QD
treated

CdTe QD
treated

Fig. 9 Biocompatibility of normal and cancer cells treated with bio-
functionalized QDs on day 1 and day 3. a, b, ¢, d, e and f are images
showing biocompatibility of cells after 1 day of incubation. g, h, i, j, k
and 1 are images showing biocompatibility of cells after 3 day of

Results and Discussion

To prepare highly luminescent QDs, we have utilized hot
injection organometallic route. The cadmium precursor and
chalcogenide precursors were mixed and the suspension was
maintained at ambient temperature to form CdS, CdSe and
CdTe QDs. Thus synthesized CdS QDs show bright blue
luminescent emission, CdSe was green luminescent and
CdTe was bright red in luminescent emission. Synthesized
QDs were subjected to biofunctionalization using PEG moi-
eties (PEG-Mal and PEG-Fol) to render biocompatibility
and specificity for these highly luminescent nanomaterials.
As shown in TEM micrographs, the CdS QDs showed
uniform size and shape with a diameter of 5 nm (Fig. 2a).
The images also imply that the materials are highly mono-
disperse without any sign of particle aggregation. In the case
of CdSe (Fig. 2¢), the QDs were of uniform size of 3 nm in
diameter and were highly monodisperse. CdTe QDs of 3 nm
size in diameter was synthesized and showed high mono-
dispersity and were of uniform spherical shape (Fig. 2e¢).
The High resolution TEM images of CdS (Fig. 2b), CdSe
(Fig. 2d) and CdTe (Fig. 2f) shows the sharp crystal lattices
pattern of these cadmium chalcogenide QDs. EDS analyses
were performed on bare QDs nanomaterials. EDS confirmed
the presence of Cd and S (Fig. 3a), Cd and Se (Fig. 3b) and
Cd and Te (Fig. 3¢) in the case of CdS, CdSe and CdTe bare
QDs respectively. To analyze the effect of biofunctionalization

Day 3
MCF7 cells

L929 cells

incubation. a, b, g and h are panel of cells treated with CdS, ¢, d, i
and j are treated with CdSe and CdTe treated cells are shown in e, f, k
and 1
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on the morphology of QDs, we carried out TEM analysis of
functionalized QDs. The functionalized QDs were dispersed
in HEPES buffer, added onto TEM grid and analyzed for
coating over them (data not shown). We have observed in-
crease in size of PEG functionalized QD mostly around 100—
200 nm, proving the functionalization of PEG onto QDs. SEM
analysis of PEG functionalized QDs also showed particles of
size mostly 100-200 nm.

Dynamic light scattering (Zetasizer) was utilized to mea-
sure the size distribution of the bare (suspended in chloro-
form) and biofunctionalized QDs (suspended in HEPES
buffer). The single peak obtained suggests uniform narrow
size distribution and monodispersity of the bare QDs and
broad distribution in case of functionalized ones. By DLS

Fig. 10 Confocal image of
MCFT7 cells treated with
bio-functionalized QDs. a and
b CdS treated, ¢ and d CdSe
treated and e and f CdTe
treated for 2 h

@ Springer

(Table 1), we observed the mean diameter of bare CdS,
CdSe and CdTe QDs were 7 nm, 4 nm and 5 nm respec-
tively, which supports the TEM analysis. We have observed
an increase in size, in case of biofunctionalized QDs, a
broad distribution peak ranging from 100 nm to 200 nm,
which clearly shows the PEG functionalization and grafting
over QDs to form a liposomal coating (data not shown)
which were confirmed by SEM and TEM analysis.

To investigate the uniformity of the coupling of PEG
moieties to QDs, we measured the zeta potential of the bare
and biofunctionalized QDs. The Zeta potential measures the
potential at the interface between a solid surface and the
liquid medium. We observed a clear negative shift in zeta
potential of biofunctionalized QDs when compared to the
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bare ones [31]. In case of CdS, we observed a zeta potential
of +1.97 mV for bare ones and —8.59 mV for functionalized
one. Bare CdSe showed a zeta potential of +0.785 and
functionalized one showed a shift towards negative poten-
tial, —2.77 mV. CdTe bare and functionalized QDs showed a
zeta potential of —0.637 mV and —9.94 mV. The above zeta
potential shift (Table 1) towards negative potential for bio-
functionalized QDs clearly proves the proper conjugation of
PEG moieties onto bare QDs.

Figure 4a shows absorption and PL spectra of bare blue
luminescent CdS QDs. The maximum absorption was seen
around 450 nm and maximum emission was seen at 470 nm.
In case of green luminescent CdSe QDs (Fig. 4b), the
maximum absorption and emission was seen at 540 and
560 nm. The maximum absorption and emission of CdTe

Fig. 11 Confocal image of
MCF7 cells treated with
bio-functionalized QDs. a and
b CdS treated, ¢ and d CdSe
treated and e and f CdTe treated
after 4 h incubation

which was red luminescent was found to be 575 nm and
600 nm respectively (Fig. 4c). UV illumination of bare CdS,
CdSe and CdTe QDs were shown in Fig. 5. The typical
bright blue, green and red luminescence of bare cadmium
chalcogenides was maximum and was captured using digital
camera. The PL spectra of QD biofunctionalized PEG-Fol
was shown in Fig. 6, which clearly shows the emission
spectra of Folate, around 400 nm along with the emission
spectra of respective QDs. This clearly shows the presence
of PEG-Fol attached onto bare QDs elucidating the func-
tionalization stands successful. The PL along with the DLS,
Zeta potential and TEM image clearly shows the bioconju-
gation of PEG moieties onto the bare QDs.

FTIR spectra of unmodified and PEG functionalized QDs
are shown in Fig. 8. The C—-O—C ether stretch band around
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1,175 cm ™" appear in the FTIR spectrum in case of all
biofunctionalized QDs (CdS-Fig. 7a, CdSe-Fig.7b and
CdTe-Fig. 7c) and are absent in bare QDs. Similarly, the
bands around 2,918 and 981 cm ' correspond to —CH,
stretching vibrations and —CH out-of-plane bending vibra-
tions, respectively. The characteristic IR absorption peaks
of folate at 1,629 cm ™' were observed in the spectrum of
PEG-Fol functionalized QDs. The C-O-C (strech), —
CH,(strech), —CH (bend) and folate (strech) peaks are
strong evidence that PEG and PEG-Fol was bonded to
the surface of QDs [32, 33].

Cytotoxicity profile of bare and biofunctionalized QDs
were studied on 1929, normal cell (Fig. 8a) and MCF-7
cancer cell line (Fig. 8b) grown on 96 well plate using

Fig. 12 Confocal image of
MCEF7 cells treated with
bio-functionalized QDs. a and
b CdS treated, ¢ and d CdSe
treated and e and f CdTe treated
after incubating for 6 h

@ Springer

Alamar blue assay. The nanomaterials of 100 pl and 10 pl
of the crude sample prepared as such were added to the
cells. We observed that cell viability decreased as a function
of concentration and time. Alamar blue assay observed
under two different concentrations after 24 h incubation
with the nanomaterials. The cells showed uptake of nano-
materials within 2 h of incubation as evidenced from con-
focal studies and hence it is concluded that by 24 h the
cytotoxic studies can be carried out. Bare QDs showed
higher toxicity with only less than 20% cell viable with all
QDs on average, even at the lowest concentration (0.1X) on
both cell lines. We found that the cell viability was higher
than 90% even at the highest concentration of 1X of bio-
functionalized QDs highlighting the biocompatibility of
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these nanomaterials on both cell lines studied. We observed
same viability of cells even on day 2 (after 48 h incubation)
and on day 3 (after 72 h incubation). These above biocom-
patibility results shows that QDs were encapsulated into
liposomal shell of PEG moieties and release of cadmium
ions was quenched to a great extent, thereby we could not
observe any toxicity of biofunctionalized nanomaterials till
day 3. This clearly shows that biofunctionalized QDs exert
no significant cytotoxic effects on L929 cells and MCF-7
cells and thus present themselves as highly safe biocompat-
ible labeling probes compared to bare QDs.

To analyze and visualize the biocompatibility of func-
tionalized QDs, L.929 cells and MCF-7 cells were grown on

6 well plates until visual confluency was achieved. 1X
concentration of functionalized QDs was added to each well
and the plates were incubated for 3 days. After every 24 h,
the images were taken using phase contrast microscopy to
show the biocompatibility of these QDs (Fig. 9a, b, c, d, e
and f). We could not observe any cytotoxicity rendered by
these QDs and the results showed that the cells were nearly
100% viable till day 3 (Fig. 9¢g, h, 1, j, k and 1). The phase
contrast images shown in Fig. 9 clearly shows any deformity
in size and shape of the cells and were growing competently
on pace with the control cells.

Cellular uptake and endocytosis of biofunctionalized
QDs were studied by confocal microscopy to determine

Fig. 13 DAPI staining of bio-functionalized QDs treated cells show-
ing viable nucleus. a, b and ¢ CdS treated cells, d, e and f CdSe treated
cells and g, h and i CdTe treated cells after 4 h of particle incubation.
The left panel shows the bright field image of MCF7 cells, the middle
column shows the DAPI staining of cells and the right column shows

fluorescent image of particle localized inside cells. In case of CdS
treated cells, the fluorescent image and DAPI staining was observed
using same excitation. We could observe particles internalized in the
cell’s cytoplasm clearly
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the intracellular fate of these nanomaterials. Cells were
treated with as low as 1X concentration of biofunctionalized
QDs and incubated for different time scale (2 h, 4 h and 6 h)
to study the time dependent uptake of these QDs in L929
and MCF-7 cells. L929 cells were used as negative control
because they carry less number of folate receptors than their
cancer counterpart, MCF-7. After 2 h, the cells were viewed
under confocal microscopy (Fig. 10). In case of biofunction-
alized CdS QDs, the excitation wavelength used for confo-
cal studies was 405 nm. When excited, MCF-7 cells showed
clear and discrete signal of blue luminescent CdS pinning
their internalization into the cell (Fig. 10a and b). We ob-
served discrete green luminescent CdSe (Fig. 10c and d) and

red luminescent CdTe signals (Fig. 10e and f) when the
respective plates were excited with wavelength of 488 nm
and 561 nm respectively. We observed discrete luminescent
signals of QDs from certain round vesicles inside the cell.
To analyze whether lysosomal mediated entry of QDs
existed, we used green fluorescent lysotracker for mapping
the downstream internalization in case of biofunctionalized
CdS and CdTe treated cells (data not shown). We observed
lysosomal mediated endocytosis of these QDs as per previ-
ous literature [34].

After 4 h incubation, the second sets of cells were sub-
jected for confocal studies. We observed increased internal-
ization of particles inside MCF-7, which clearly depicts the

Fig. 14 Fluorescent images of L929 cells treated with PEG-
biofunctionalized CdS, CdSe and CdTe. a, d and g shows the bright
field images of CdS, CdSe and CdTe bio-functionalized QDs treated
cells respectively. b, e and g shows the fluorescence of the particles and
we found any particles localized in cytoplasm. ¢, f and h shows the

@ Springer

lysotracker stain of 1929 cells to show their viability. The inset in Fig.
14 f shows the bright field of L929 cells treated with lysotracker along
with bio-functionalized CdSe QDs. This clearly depicts that the fluo-
rescence has come from green fluorescent lysotracker stain and not
from particle
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time dependent uptake of biofunctionalized QDs (Fig. 11).
However after 6 h, there was no quite higher level of QD
internalization which shows that the folate mediated inter-
nalization/endocytosis has achieved saturation (Fig. 12).
This clearly depicted to us that 4 h incubation is enough
for the higher amount of biofunctionalized particle internal-
ization into MCF-7 cancer cell line.

To analyze whether the cells are alive and healthy after
biofunctionalized QD treatment, we have utilized DAPI
(Fig. 13). The cell’s nucleus was stained with DAPI to
clearly depict the cell viability. The DAPI stain tracks only
the viable organelle—nucleus and all the cells presented
perfect DAPI staining proving that they were viable. The
confocal images clearly provide evidence for the presence of
nanomaterials in the cell’s cytoplasm, crossing the plasma
membrane of cells. The luminescence of all three biofunc-
tionalized QDs was seen in the cytoplasm, probably entrap-
ped in the vesicles around the nucleus. This suggests that
there is no nuclear permeability of nanomaterials.

In case of normal 1929 cell lines, which express low
folate receptors level on plasma membrane, we observed
only few targeted QDs entering them and getting endocy-
tosed. We observed that those cells showed any proper
intake of QDs by 2 h and at 4 h (Fig. 14), we observed
same level of particle uptake and showed time dependency.
The cells were viable and healthy confirmed by lysotracker
staining but when compared to MCF-7 cancer cells, they
show poor internalization of nanomaterials, which stands as
an added advantage for targeted QDs.

Previous reports of biocompatibility achieved using cad-
mium chalcogenide QDs for biological applications are
accomplished using passivation ZnS shell or silica shell
over the QDs core to reduce metal ion leakage. This passiv-
ation shell reduced the luminescent property of the QDs and
also requires time for processing. We have achieved excel-
lent stable luminescence and biocompatible property with
PEG biofunctionalization. The added advantage of this
method is PEG functionalized QDs are able to gain decent
entry to cells and are effectively endocytosed by cells within
short period of time. From all the above results, we have
concluded that biofunctionalized cadmium chalcogenide
QDs showed increased biocompatibility and high specifici-
ty, which were essential strategies for utilization of materials
for biological diagnosis.

Conclusion

In conclusion, we have shown the success of synthesizing
three differently fluorescent cadmium chalcogenide QDs
and PEG-lipid coating as molecular probe for optical imag-
ing of cancer with folate targeting scheme. The in vitro
results demonstrated high specificity of this contrast agent

for cancer cells, suggesting its potential for detection of
tumor in in vivo models and real time. Even after PEG
functionalization, the nanotools retained the fluorescent
properties of parental QDs. These functionalized nanop-
robes showed cell specific targeting through folate receptors
and the particles are internalized by folate mediated endo-
cytosis. To summarize we believe that our differently lumi-
nescent nanoprobes would find their application in in vivo
cancer targeting and other biomedical application in near
future due to their superior properties of fluorescence, spec-
ificity, monodispersity, biocompatibility and smaller size for
effective internalization.
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