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Abstract

Present article describes one-pot, two-stage, in-situ controlled atmosphere method for synthesis of core-shell quantum dots
(QDs) comprising of ZnSe, CdS and CdSe combinations e.g. CdS/CdSe, ZnSe/CdS and ZnSe/CdSe. The present method
emphasizes on creating an effective surface passivation of core as well as formation of passivated shell via utilization of cyclo-
octeno-1, 2, 3-selenadiazole as a precursor for selenium. Synthesis of ZnSe/CdS was compared by using two different selenium
precursors viz cyclo-octeno-1, 2, 3-selenadiazole (C8-SDZ) and cyclo-hexeno-1, 2, 3-selenadiazole (C6-SDZ). Optical
properties (UV-Visible and PL spectroscopy) indicate narrow peak width with band gap ranging in between 2.30 eV to 2.56 eV.
The XRD analysis revealed the formation of respective core-shell QDs with zinc blende crystal structure. TEM analysis showed
formation of spherical shaped core-shell QDs with lattice spacing of 0.35 nm due to presence of (111) crystal plane. By virtue
of the excellent optical properties of ZnSe/CdS core shell QDs, this was subjected to bio-evaluation in terms of cytotoxicity and
therapeutic efficacy. Approximately, 65% bio-toxicity was observed in MCF-7 with negligible haemolysis by ZnSe/CdS QDs.
About, 34% tumour regression was shown by ZnSe/CdS QDs, as against 93% observed by Mitomycin C (Positive control) with

respect to placebo (PBS). Copyright © 2017 VBRI Press.
Keywords: Core-shell QDs, selenadiazole, cytotoxicity.

Introduction

Over the last three decades, the scope of research in the
field of quantum dots (QDs) has attracted scientists globally
due to wide-ranging applications [1] e.g. their direct utility
in QDs sensitized solar cell (QDSSC), bio-medical, LEDs
and in environmental science [2]. Amongst various types of
QDs derived from group -V, 11-VI, 11-1V, 1I-111-VI etc.
metal chalcogenide QDs comprising of group 12-16
elements of the periodic table e.g. sulphide, selenide and
tellurides of zinc and cadmium in particular, have been
studied extensively [3]. The major interest in this class of
material has been mainly due to their tunable optical
properties which can be altered by controlling particle size,
morphology and composition of nano-crystals. Such tiny
particles are often unstable upon isolation and require
additional surface improvements. The in-situ synthesis of
quantum dots using suitable long chain organic molecules
with functionalities like amine, phosphines or carboxylates
have been demonstrated as an excellent growth and
nucleation controlling chemical tools for proving stability
and dispersibility to the nano-particles. Inappropriate or
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incompetent chemical passivation leads to compromise in
quantum dots quality in terms of their optical properties as
well as long term stability leading to poor technological
orientation. Presence of voids on the surface of QDs are
responsible for the generation of traps for charge carriers
(holes or electrons) and excitons resulting in reduction of
the quantum yields (QYs) and photo-stability [4]. In order
to avoid formation of the defects and to improve photo-
stability as well as quantum vyields of the QDs, perfect
passivation is crucial [5]. The surface passivation can be
based on organic molecules and /or inorganic materials
[6, 7]. As the shell thickness plays important role in
determining optical properties of the core shell nano-
crystals with respect to quantum yield and photo-stability,
inorganic passivation allows one to further optimize the
thickness of the shell with better control than organic
passivation. Generally, three major types of inorganic
passivation are practiced to synthesize useful core-shell
nanostructures viz; semiconductors over metals, metal over
semiconductors and semiconductor over semiconductor.
Tremendous efforts have been made to synthesize various
types of core/shell nano-crystals e.g. high temperature, hot

352


mailto:pawankhanna2002@yahoo.co.in
mailto:akamra23@hotmail.com

Research Article

injection synthetic method operated between 200-300 °C
which produces core shell QDs with very narrow size
particle distribution in a variety of materials (CdS/ZnSe,
CdTe/CdS, CdTe/CdSe, InP/ZnS and CulnSe,/ZnS) [8-16].
In addition to the famous hot injection method; there are
various other reports in the literature describing the
synthesis of core shell QDs and their applications. Reiss et
al presented effective surface passivation of CdSe
nanocrystals by coating with higher band-gap QDs like
ZnSe to attain high photo-luminescence efficiency (60-
85%) and low size dispersibility [17]. Nizamoglu et al.
described the use of CdSe/ZnS core-shell QDs for white
light emitting diodes (WLED) wherein they have explained
about the control over the energy transfer among the nano-
crystals by changing the integrated number of nano-crystals
on LED chip [18]. Organically passivated ZnSe
nanoparticles were studied for their photo-physical and
morphological properties by Sharma et al. [19].

Low temperature synthesis of the core-shell QDs was
presented by the Fei et al. with optical studies [20]. Guo et
al. [21] reported novel CdS/CdSe nano-rod arrays by
chemical bath deposition of CdSe on hydrothermally
synthesized CdS nanorods. Such core shell arrays showed
enhancement in the visible light absorption ability as well
as photocurrent performance as compared to their bare
nano-crystals. Above reported methods uses toxic
stabilizers or long chain polymers for size control,
passivation and mono-dispersity of core-shell QDs, low use
of source precursor solution and expensive autoclaves;
however, mono-dispersity and size control using eco-
friendly approach remains the challenge for the modern era.

II-VI QDs play an important role in biological
applications due to high chemical stability and their ability
to show absorptions and emission properties in the visible
spectrum that can be tuned to desired wavelengths
depending on the size and surfaces. Such properties are
considered suitable for bio-imaging and drug delivery, thus
making QDs appropriate for biological applications, in
addition to their other potential applications in light
emitting devices [22-25]. Core-shell QDs may offer added
advantages due their further tunability in optical behaviour
because such nano-structures have inorganic to inorganic
combinations thereby making them more stable. Normally,
the property of non-core shell type QDs is mainly governed
by the inorganic core and its interaction with the
surrounding environment of organic ligands because of
surface related phenomena.

When the core-shell system mainly based on inorganic
semiconductors is chosen for replacing organically capped
normal QDs, the combinations of various factors may result
improved optical properties e.g. a) Core QDs with the thin
layers of the initial organic passivation b) Core QDs
passivated effectively by inorganic shell layer and c) Core
shell QDs possessing inorganic shell capped by organic
surfactant. Although, QDs offer various benefits, their
applications have been limited due to integral problems like
heavy metal associated toxicity. Especially, presence of
cadmium, lead, or zinc warrants special studies to avoid the
damage to cells in culture and tissues in animals. Unless the
detailed toxicological studies have been undertaken to
establish the possible side effects of use of QDs in-vivo, it
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is inappropriate to consider them for application in
biological systems.

Our past efforts [26] have resulted in successful synthesis
of CdSe, ZnSe QDs and ZnSe/CdSe core-shell structures.
We wish to continue our efforts to generate various
combinations of similar QDs by adopting selenadiazole as
precursor of selenium thus avoiding use of toxic capping
agents/stabilizers such as TOP, TOPO etc. The use of
cyclohexeno-1, 2, 3 -selenadiazole (C6-SDZ) as selenium
precursor in the synthesis of QDs [27] and core shell nano-
crystals have proved to be very successful and therefore, we
got impulse for the synthesis of various core-shell nano-
crystals using other derivatives or compounds of the selena
diazoles (SDZ) and study their effect on the quality of the
core-shell nano-crystals. In view of the above, present study
emphasizes on use of organoselenium compound with 6-
and 8-member cyclic ring for synthesis of novel core-shell
nanostructures. Thus the present article describes utility of
cycloocteno-1, 2, 3-selenadiazole (C8-SDZ) in particular as
a novel selenium precursor for the synthesis of CdS/CdSe,
ZnSe/CdS and ZnSe/CdSe core-shell QDs. The
comparative study of the 2ZnSe/CdS core-shell QDs
synthesized using cyclohexeno-1, 2, 3-selenadiazole (C6-
SDZ) and C8-SDZ precursors is also presented. High
fluorescence stability and possible toxicity of ZnSe/CdS
core-shell QDs synthesized using C6-SDZ as selenium
source impelled to study cytotoxicity. Therefore, the
present article also focuses on the cytotoxicity of ZnSe/CdS
core-shell QDs on EAC, MCF-7and HEK-29 anti-cancer
cell lines in addition to in-vivo haemolysis and tumour
regression.

Experimental
Materials and methods

Zinc acetate, cadmium oxide, diphenyl ether, oleic acid,
ethanol, sulphur, dimethylsulphoxide (DMSO), para
formaldehyde and (3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide were purchased from Sigma
Aldrich  and used without further purification.
Cyclohexeno-1, 2, 3-selenadiazole (C6-SDZ) and
Cycloocteno-1, 2, 3 selenadiazole (C8-SDZ) were prepared
by reported method [28]. Powder X-ray diffraction (XRD)
patterns were acquired with a Bruker D8 Advance
diffractometer with CuKo radiation (1.5405 A) at 45 kV
and 40 mA. UV-Visible absorption spectra were recorded
at room temperature with analyticjena SPECORD @ 210
plus spectrophotometer and photoluminescence (PL) was
measured with Cary-Eclipse Fluorescence
spectrophotometer of Agilent Technology by setting
various excitation wavelengths. Raman spectra were
recorded using EZ Raman spectrometer (Emitted
wavelength is 780 nm) in the range 4000 to 400 cm-™.
Transmission electron microscopy (TEM) FEI Tecnai G2
with 30 KV was utilized for imaging of the QDs on carbon
coated copper grids. Fluorescence microscope Nikon 90i at
magnification 20x was used for imaging of cytotoxic cells.

Synthesis of CdS/CdSe core-shell QDs using C8-SDZ (A)

In a typical procedure, 0.5 g of cadmium acetate was added
in a mixture of oleic acid and diphenyl ether (10 ml each),
resulting mixture was then heated at 110 °C under N

353



Research Article

atmosphere. The temperature of mixture was further
increased up to 150 °C and sulphur powder (0.06 g) pre-
dissolved in 10 ml diphenyl ether was added. The reaction
mixture was stirred for another 30 min. The progress of
formation of CdS was monitored by UV-Visible
spectroscopy. For the growth of CdSe shell, cadmium
acetate (0.7 g) and Cycloocteno-1, 2, 3 selenadiazole (0.40
g) pre-dissolve in DPE, were added in to same mixture. The
stirring of the mixture was continued for another 20-30
min. The progress of the reaction was monitored by UV-
Visible spectroscopy. After confirming formation of QDs
by absorption spectroscopy, the reaction was terminated
and the temperature was brought down to 40-45 °C. 10 ml
of n-hexane was added as along with 25 ml of methanol for
precipitation purpose. The mixture was kept for aging
overnight. The precipitate of core-shell QDs was collected
by centrifugation at 6000 rpm by repeated cycles of 30 min.
So-obtained precipitate was dried at 50°C in an oven for 3-
5 hours.

Synthesis of ZnSe/CdS core-shell QDs using C8-SDZ (B)

Core ZnSe nano crystals were initially prepared via
customized literature method developed by our group [26].
Typically, 1.54g of Zn (Ac), was dissolved in a mixture
containing oleic acid (20 ml) and diphenyl ether (35 ml) at
120°C under N atmosphere. The temperature was
increased to 185 °C. Subsequently, cycloocteno-1, 2, 3-
selenadiazole (1.0 g) pre-dissolved in 10 ml of diphenyl
ether was added and reaction mixture was stirred for 10-15
min. For over growth of CdS shell, the temperature of the
reaction mixture was brought down to 150 °C and CdO
(0.674 g) along with sulphur powder (0.189 g) was added
to the mixture. Rest of the method was similar to as
described in procedure for (A). Finally, ZnSe/CdS QDs
were collected via centrifugation process and dried at 60 °C
in an oven for 4 hours.

Synthesis of ZnSe/CdSe core-shell QDs using C8-SDZ (C)

The procedure for synthesis of core ZnSe QDs was same as
described for B and CdSe shell was grown over ZnSe as per
procedure above section for A for shell growth.

Synthesis of ZnSe/CdS core shell QDs using C6-SDZ (D)

Initially core ZnSe nano crystals were prepared via
customized literature method developed by our group [26]
using Cyclohexeno-1, 2, 3-selenadiazole (C6-SDZ) as
precursor of the selenium. The procedure for the over
growth of CdS shell was same as described for B.

The in vitro bio-evaluation was done on Human Embryonic
Kidney cell line (HEK-293) and Human breast
adenocarcinoma (MCF-7) cell line (American Type Culture
Collection, Rockville, MD). Confluent flasks were sub-
cultured and maintained at 37 °C in Dulbecco’s modified
Eagle’s medium (Sigma, St. Louis, MO) supplemented with
10% fetal calf serum (Himedia), and antibiotic containing
50 U/mL of penicillin (Sigma) and 50 mg/mL of
streptomycin (Sigma, USA) under a humidified atmosphere
(5% CO,). Briefly, 5x10° cells/well of HEK-293, MCF-7
and EAC cells were plated in 96-well microtiter plates.
ZnSe/CdS QDs were then added to the cells at defined
concentrations (10 pg/ml, 5 pg/ml and 2.5 pg/mL) and
incubated for 24 hrs and 48 hrs. After incubation, 20ul of
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MTT(3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide; (5 mg/mL) was then added per well. The plate
was further incubated for four hours in an incubator. After
incubation, the media was discarded carefully without
disturbing the formazan crystals in the wells and 140 ul of
dimethyl sulfoxide was added to solubilize the formazan
crystals formed and readings were taken (Synergy HT,
Biotek, USA) using a 540 nm filter [29]. All measurements
were done in triplicates. Percentage viability of the cells
was calculated as the ratio of mean absorbance of triplicate
readings with respect to mean absorbance of control wells.

Cell viability = (Icontrot - IsampteIcontrol) * 100 (i)

Cellular uptake

For understanding the internalization of nanoparticles,
cellular uptake was assessed in a fluorescence microscope
as per our published protocols [30]. Briefly, MCF-7, HEK-
29 and EAC cells were cultured on coverslips till 95%
confluence was attained. The cells were further incubated
with 10 pg/ml of ZnSe/CdS QDs. The cells were fixed with
4% paraformaldehyde and visualized under a fluorescence
microscope Eclips 90i, Nikon at Mag.20x.

Haemolytic activity

Haemolytic activity was done on whole blood and percent
haemolysis calculated as per previously published protocol
[31]. Briefly, the heparinised blood procured from mice
was washed twice with PBS (pH 7.4) prior to the assay. 100
pl of RBC were suspended in PBS at 1:1 ratio, and were
incubated with ZnSe/CdS quantum dots of various
concentration i.e 10 pg/ml, 5 pg/ml, and 2.5 pg/ml at 37°C.
The absorbance of the lysed RBC was read in a UV visible
spectrophotometer (Biotek, USA) at 540 nm, 2 h post
incubation. Percent haemolysis was calculated using the
formula:

% Haemolysis = Absorbance of the sample/ Absorbance of
the positive control *100 (i)

Results and discussion
Synthesis and characterization

Under well controlled reaction conditions, the reaction of
thermally unstable organoselenium compounds in presence
of metal ions leads to the formation of respective metal
chalcogenide QDs. The earlier successful syntheses of the
QDs albeit of noncore-shell nature, have been reported by
us using such organoselenium compounds as precursor for
the selenium [26, 27]

In our recent report we have highlighted possible double
role of oleic acid (OLA) as a capping agent during
synthesis of magic sized CdSe by microwave irradiation
[27]. The reaction under thermal condition may similarly
lead to the isomerisation of the oleic acid from cis to trans
isomer at a temperature higher than 180 °C. It is well
known that, cis form of the oleic acid is stereochemically
stable however; at higher temperature conversion of cis to
trans isomer is also possible and therefore, in presence of
metal salt oleic acid facilitates the formation of cis and
trans metal oleate during the course of reaction.
Cycloocteno-1, 2, 3-selenadiazole (C8-SDZ) like its 6-

member counterpart (C6-SDZ) is thermally labile
organoselenium compound which upon thermolysis
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liberates free selenium which subsequently reacts in-situ
with metal ions like Zn?*, Cd?* etc. In the present case,
during the synthesis of ZnSe/CdS and ZnSe/CdSe core-
shell QDs initial reaction of the metal salt with oleic acid
results in the formation of cis and trans metal-oleate as an
intermediate similar to that has been described by one of us
earlier. Further addition of SDZ in reaction mixture could
possibly leads to the formation of highly unstable transition
intermediate containing SDZ coordinated with the metal
oleate. Such intermediates further react with the free
selenium liberated from the C6-SDZ and C8-SDZ upon
gentle heating leading to the formation of good quality QDs
[27-34] via rapid nucleation. The restricted movement of
the QDs by cis-oleic acid during the nucleation process
shows control over shape and size of core QDs leading to
very small particle size with narrow distribution probably
can be called as early-stage nano-cluster(close to magic
sized). However, trans-isomer of oleic acid (elaidic acid)
shows free movement due to linear chain structure and
therefore, allows QDs to grow homogeneously and thus
forms rapidly grown regular QDs. The cis OLA capped
QDs are possibly more favourable for the shell growth
probably due to the more steric hindrance with restricted
free movement during nucleation leading to the smaller size
particles as well as easy replacement favouring inorganic
shell layer formation. In case of CdS/CdSe core shell QDs,
the direct reaction of the Cd?* ions with free selenium
results in the CdSe shell which can easily grow over the
initially synthesized CdS core of the QDs. The
selenadiazole based reactions for metal chalcogenide
synthesis, are more straight forward for selenide core to
selenide  shell type of QDs however, when
selenide/sulphide heterostructures are to be generated, the
conduct of the experiments become more challenging. The
overall pictorial mechanistic illustration for the synthesis of
core shell QDs is shown in scheme 1. The growth of the
CdSe shell over CdS and ZnSe core as well as CdS shell
over ZnSe core can be easily identified by observation of
drastic change in color. The change in color of the reaction
mixture indicates changes in the nature of material and their
surface that can be monitored and confirmed by UV-Visible
spectroscopy.

, O

cis-Oleic acid

cis-Metal oleate trans-Metal oleate

n or§
A

\lcul salt e Ihcrmolm;
<.— *(
Srfs Source Rapld \\_,zI
nucleation

Core shell QDs M=Cd or Zn Transition intermediates

Scheme 1. Possible general mechanistic illustration of synthesis of core-
shell QDs.

The reaction progress of CdS/CdSe, ZnSe/CdS and
ZnSe/CdSe core shell QDs synthesized using C8-SDZ was
monitored by UV-Visible spectroscopy and it was observed
that, as reaction progresses the absorption value shifts
towards the higher wavelength indicating the overgrowth of
the shell around the core. From Fig. 1 it can be seen that
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the trend is similar in all cases (inset Fig. 1A, B, C, D).
After 30 min of completion of reaction absorption values
for CdS/CdSe, ZnSe/CdS and ZnSe/CdSe synthesized using
C8 SDZ was found to be 483 nm, 505 nm, 513 nm
respectively while in case of ZnSe/CdS synthesized using
C6-SDZ absorbance was near 539 nm. As the absorption,
peak shifts towards red region it indicates change in particle
size of the QDs due to formation of shell layer over the
core.
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Fig. 1. Reaction progress (a=10 min, b=15 min, c= 20 min, d= 25 min,
=30 min) monitored using UV-visible spectra of 1:1 A) CdS/CdSe, B)
ZnSe/CdS and C) ZnSe/CdSe synthesized using C8 and D) UV-visible
spectra of 1:1 ZnSe/CdS synthesized using C6.

Table 1. Calculated band gap energies from UV-visible absorption
spectrum

Reaction time A B C D
Band gap (eV) @10 min. 288 319 322 263
Band gap (V) @30 min. 256 245 241 230

Initial absorption observed at lower wavelength is related
to core quantum dots. However, the red shift obtained in
each case indicating the dominance of shell. The calculated
band gap values are given in Table 1 which is further
confirming the decrease in band gap with respect to the red
shift for UV-visible absorption. Furthermore, the
comparison of the ZnSe/CdSe core shell QDs synthesized
using C6-SDZ and C8-SDZ revealed that, the synthesis
using selenadiazoles with higher carbon in the ring (C8-
SDZ) facilitated formation of smaller size particles
however, on reduction of carbon numbers from eight to six
in the ring (C6-SDZ) made adverse impact with respect to
particle size and the band gap. In such study the band gap
values after 30 min of reaction indicated a difference of
about 0.15 eV. The photoluminescence spectra of as-
synthesized core shell QDs exhibited the variation in
luminescence behaviour when excited between 320-500
nm. The variation in emission properties depended on core
to shell combinations (Fig. 2). Thus, it is established that
the core and shell in such nanostructures may influence
emission properties of final product. The Stokes shift of as
less as 2 nm to as high as 79 nm is observed for various
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samples. The smaller Stokes shift related well with the high
quality of the QDs. Of the four nanostructures studied in
the present case, three of them showed narrow emission
shifts with respect to absorption bands. According to Fig.
2A the broad emission spectrum showed a band at 562 nm
at an excitation wavelength of 500 nm for CdS/CdSe QDs
with Stoke shift of about 79 nm. It is opined that the large
Stokes shift could be due to the presence of voids or defects
on the surface of the nanostructures by virtue of
uncontrolled shell layer formation or dandling bonds.
Inhomogeneous shell formation may possibly result due to
nearly matching cation size in the core as well as shell in
CdS/CdSe. Other two core shell QDs (Fig. 2B and C)
synthesized using C8-SDZ being hetero-structures showed
emissions at 512 and 520 nm upon excitation at 450 and
430 nm with much smaller Stokes shift (7 and 2 nm)
respectively. In case of ZnSe/CdSe QDs synthesized using
C6-SDZ exhibited emission at 545 nm with Stokes shift of
6 nm. The stability of the core shell QDs was tested by
excitation at 320 nm, 400 nm and 450 nm. According to
results, the core shell QDs synthesized using C6-SDZ was
found to be very stable since at different excitations,
emission wavelength was found constant (i. e. at 545 nm).
The peak intensity however was suppressed upon lowering
the excitation wavelength. The suppression of intensity with
variation of excitation energy is a usual phenomenon in
quantum dots. Also, observation of emission peak at the
fixed wavelength irrespective of variation in excitation
energy indicate excellent quality of the core-shell QDs.
Overall the peak width of 38-43 nm was due to the
homogeneous nature of the sample. The broad emission
obtained in case of core shell QDs synthesized using C8-
SDZ was attributed to the surface defects and the presence
of vacancies in the crystal structure of core shell QDs. Such
surface defects or vacancies are responsible for the low
quantum vyield of the core shell QDs in comparison with
their respective core. Narrow peak obtained in case of the
core shell QDs synthesized using C6-SDZ indicate greater
phase purity and less surface defects with smaller particle
size. The core ZnSe exhibited quantum yield of about 40%.
However, the quantum yield of ZnSe-CdS QDs was much
lower. Low quantum vyield could be due to rapid layer
growth of CdS shell around the ZnSe core resulting in
surface defects. Overall data are presented in Table 2.

Table 2. Characteristic properties of core-shell ZnSe/CdS QDs

Sample hans(NM) ~ dem(nm)  Band  PXRD 26° values at different ~ Crystallite size  Particle size
gap _planes from XRD(nm) ~ from
(V) 111 220 311 TEM(nm)
7nse” 325 375 381 210 465 550 22 -
cds?® 450 455 275 260 440 534 49 -
CdS/CdSe (A) 483 562 2.56 258 435 508 20 40
ZnSe/CdS (B) 505 512 245 256 436 509 19 6.0
ZnSe/CdSe (C) 513 520 241 250 424 496 20 50
ZnSe/CdS (D) 539 545 2.30 25.0 422 500 2.6 3.0

The particle size distribution of as-synthesized core shell
QDs is shown in Fig. S1. The particle size obtained for
ZnSe/CdS synthesized using C8-SDZ (curve B) was in the
range of 1 to 3 nm which is much smaller than that of the
same core shell QDs synthesized using C6-SDZ (5 to 10
nm, curve D). The maximum particle size with narrow
particle size distribution was obtained in case of ZnSe/CdS
QDs synthesized using C6-SDZ indicating more particle
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size homogeneity. The other two core shell QDs showed
broad particle size distribution indicating various sized
particle formation with maximum density distribution near
3 nm and 4 nm respectively. The narrow size distribution is
mainly due to the effective passivation of core as well as
shell in overall structures but could have been boosted due
to the presence of inorganic shell during the reaction
coupled with the umbrella of the organic surfactant.

A —=p7 B

505, 512

Absorbance or
PL intensity (a.u)
Absorbance or
PL Intensity

400 450 500 55

0 600
Wavelength (nm)

B

50 500 550 600
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—=p6
613, 515 539, 645 D

Absorbance or
PL Intensity

Intensity (a.u)

450 500 550 600 650
Wavelength (nm)

Absorbance or

500 550 600 650
Wavelength (nm)

Fig. 2. Comparison of UV-Visible absorption and photoluminescence of
1:1 A) CdS/CdSe, B) ZnSe/CdS and C) ZnSe/CdSe synthesized using C8
and D) 1:1 ZnSe/CdS synthesized using C6. The red colored numbers
indicating the Stokes shift.

It is important to understand the crystal structure of
quantum dots before putting them to any application as the
lattice arrangements may play important role in achieving
useful information. XRD measurement of the samples was
carried out as powders and was interpreted based on the
information available in the literature. According to
literature data, the Bragg’s diffractions for cubic zinc blend
ZnSe has characteristic features at 27.0°, 46.5° 55.0°
corresponding to (111), (220) and (311) reflection planes
respectively. However, the wurtzite structure of ZnSe
shows six to eight different peaks for various planes such as
(100), (002), (101), (102), (110), (103) and (112) [29].
Similarly, XRD pattern of CdS and CdSe quantum dots
showed reflections for zinc blend phase at 26.0°, 44.0°,
53.4° and 25.9°, 42.5°, 50.3° respectively corresponding to
(111), (220) and (311) crystal planes and hexagonal crystal
structure shows similar patterns as known for ZnSe but
Bragg’s reflection at different 26 values. In the present case
XRD pattern obtained for core shell QDs showed
diffractions for (111), (220) and (311) crystal planes as
shown in Fig. 3 (Table 2). Shift in the 26 value of the core-
shell nano-structures in comparison with parent core and
shell QDs confirms the formation of the shell around the
core QDs.

The shift observed in case of ZnSe/CdSe synthesized
using C8-SDZ was more as compared to the other core
shell QDs which could be due to the difference in the
thickness of the CdSe shell around ZnSe core [17]. The
comparison of the ZnSe/CdS QDs synthesized using two
different precursor showed no particular difference in the
diffraction values suggesting the phase pure crystal
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formation using both precursors (viz C6-SDZ and C8-
SDZ). The XRD pattern obtained in all cases, clearly
emphasizing on the initial formation of cubic crystal
structure of the core which further gets converted to core
shell retaining the same crystal structure.

Thus, 20 values near 25.65°, 43.25° and 50.83° were
observed for the core-shell QDs synthesized using C6-SDZ
and C8-SDZ as precursor of selenium. The average
crystallite size obtained for core shell QDs using Scherrer
equation is presented in Table 2. The average crystallite
size obtained from XRD was lower than the particle size
obtained from particle size analyzer and TEM which is
quite obvious. Therefore, results are in good agreement
with the particle size obtained from particle size analyzer
and TEM results.

25.65

Intensity (a.u)

20 30 40 50 60 70 8
2 6 (Degree)

Fig. 3. XRD pattern of as-synthesized A) CdS/CdSe, B) ZnSe/CdS, C)
ZnSe/CdSe using C8 as precursor and D) ZnSe/CdS synthesized using C6
as precursor.

Raman scattering observed in all cases clearly confirms the
formation of the shell around the core QDs. According to
the Fig. S2 (A, B, C, D) peaks obtained near 200 cm are
assigned to transverse optical (TO), longitudinal optical
(LO) and surface optical (SO) combination modes of CdS
or CdSe QDs. However the intensity of peak varies
depending on the shell thickness as well as the possible
scattering from the core QDs [35]. Another Raman
scattering was observed near 320 cm! because of the LO of
the CdS and CdSe QDs: Important spectral features near
400 cm revealing the presence of core shell interface
interactions as well as 2LO bands of the CdSe shell in case
of A and C. The possible alloy formation at the interface of
core and shell and thickening of shell shows increase in the
intensity near 400 cm. The scattering observed in the
range of 500-600 cm could be assigned to the combined
modes of the CdSso+Lo, CdSaioy, CdSLo+aiey, CdSero and
CdSeLo-+alloy. According to the literature reports, as particle
size increases the full width at half maxima (FWHM) of the
LO phonon peak decreases®®. The same trend is also
observed here in present case. This assumption can be
utilized to validate the particle size obtained from the XRD,
TEM and particle size analyzer. Table S1 shows the
relation between the particle sizes obtained from TEM and
calculated FWHM of the peak near 400 cm™ in all cases of
the core shell QDs. SEM images of so-synthesized QDs are
shown in Fig. S3. SEM images obtained for the CdS/CdSe
and ZnSe/CdS core shell QDs synthesized using C8-SDZ as
selenium precursor (Fig. S3 A, B) showed very small
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particles of the respective core shell QDs without
agglomeration. The so- synthesized QDs are too small that
the particle size from the images cannot be predicted even
though images were recorded at 30 nm scale bar. This
indicates the core shell QDs are of very small size and
nearly homogeneous forming rough surface without
agglomeration. The ZnSe/CdSe QDs synthesized using C8-
SDZ resulted in to small agglomerated globules with
smooth surface indicating no clear separation of the QDs.

The agglomeration of QDs may be took place due to the
excess capping of the QDs during the synthesis. However,
this may be considered as an effect of precursor on the
synthesis of ZnSe/CdSe QDs. ZnSe/CdS core shell QDs
synthesized using C6-SDZ resulted in smaller particles with
rough morphology. The size of these QDs is also too small
and particle size from images cannot be obtained. However,
comparison of images clearly reveals that the size of
ZnSe/CdS core shell QDs synthesized using C6-SDZ is
large when compared with the core shell QDs obtained
from C8-SDZ. This trend is also evident from particle size
analysis.

T

Fig. 4. TEM images of as-synthesized A) CdS/CdSe, B) ZnSe/CdS, C)
ZnSe/CdSe using C8 as precursor and D) ZnSe/CdS synthesized using C6
as precursor, (i) enlarged image of B revealing interplanner distance of
about 0.35 nm (ii) HRTEM image of B showing completely grown CdS
shell over ZnSe core and (iii) line profile of ZnSe/CdS QDs. (The scale
bar for the images A, B, C and D are 20, 10, 50 and 20 nm respectively).

Fig. 4 shows TEM images of the core shell QDs. Nearly
homogeneous and monodisperse core shell QDs were
obtained in all cases. Fig. 4 A corresponds to the CdS/CdSe
core shell QDs synthesized using C8-SDZ and confirming
the presence of very small particles homogeneously spread.
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Lattice fringes with inter planner distance of about 0.35 nm
was obtained in HRTEM image of the ZnSe/CdS (Fig. 4B
and (i)) corresponding to the zinc blend crystal structure.
Fig. 4C and D confirms the formation of smaller spherical
particles of the ZnSe/CdSe core shell QDs synthesized
using C8-SDZ and ZnSe/CdS core shell QDs synthesized
using C6-SDZ respectively.

In this case also particles were homogeneously spread
with nearly monodispersity. SAED pattern obtained in case
of ZnSe/CdS synthesized using C6-SDZ further confirms
polycrystalline zinc blend crystal structure because of
diffractions due to (111), (220) and (311) crystal planes.
The results obtained from TEM are in good agreement with
the XRD results proving the zinc blend crystal structure and
particle size (Table 2) of the core shell QDs. The presence
of shell around core was also confirmed from the HRTEM
image of ZnSe/CdS core shell QDs. According to the
literature reports [21] the evidence for the presence of shell
around the core can be revealed from HRTEM images.
Here in the present case also same strategy was employed
to obtain clear picture of core and shell. Therefore, image
(Fig. 4 (ii)) taken under high resolution clearly reflecting
the presence of shell layer CdS around the core of ZnSe
QDs.

Biotoxicity and therapeutic evaluation

The surface chemistry, size, charge, and monodispersity of
QDs are probable properties for application in various
fields including biology. Utility of quantum dots in
biosciences is limited due to its toxicity issues. In view of
this, it is imperative to study the effect of quantum dots on
human cell lines. Thus the chemically synthesized quantum
dots were further evaluated for their biosuitability. In our
studies ZnSe/CdS treated with MCF-7, HEK-293 and EAC
cells were fixed and visualized under fluorescence
microscope (Eclips 90i, Nikon Fig. 5). King-Heiden et
al.%, have confirmed the release of free cadmium and
discussed the toxicity of CdSe QDs, CdSe/ZnS QDs in the
zebra fish embryo Danio rerio. It has been described and
hypothesized that size dependent intracellular routing
enables QDs to reach organelles that are otherwise
unreachable to metal ions. Parak et al. [37] have proposed
that following the uptake by a cell, QDs are sort of
packaged into small intracellular vesicles and are
transported from the cell periphery to the perinuclear region
Another study suggested by Beyersmann® gave a
contrasting opinion, whereby, it was proposed that
cadmium ions are mostly located in the cytoplasm, where
they are sequestered by metallothione. If QDs cause DNA
mutations without cell death, then their effects maybe
propagated through future generations of cells and
ultimately lead to a disease.

QDs prepared by the current method by virtue of having
carboxylate surface functional group, may impact the
release of reactive oxygen species from internal bio system
which in turn will be a useful parameter for greater
understanding because higher content of oxygen species
will give rise to high biotoxicity. Alternatively, it may
impact the release of free metal ions. Cadmium and
selenium are fundamentally toxic to cells and living
systems, leading to reservation over their potential toxicity
for in vivo applications.
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In our study, core-shell ZnSe/CdS showed more
cytotoxicity towards MCF-7 cell lines both post 24 hrs and
48 hrs with varied concentrations - 2.5 pg, 5 ug and 10 ug
of QDs when compared to the other cell lines- HEK-293
and EAC. Around 62.77%, 28.95% and 50.02%
cytotoxicity was observed subsequently in MCF-7, HEK-
293 and EAC cell lines at a concentration of 10 g in 48
hrs. 12% reduced toxocity was observed by EAC cell lines
in 48 hrs, and 2% less cytotoxicity was indicated post 24
hrs in EAC, by the hydrophobic ZnSe/CdS. Our
experimental studies have clearly indicated that QDs were
more cytotoxic in MCF-7 than HEK-293, and EAC cells.
Biotoxicity was maximumally evident at 48 hrs incubation
time at a concentration of 10 ug QDs in MCF-7 cell lines.
After performing several experiments, we observed that
cytotoxicity, cellular uptake, internalization are both
concentration and time dependent as evident in figure 8.
The cytotoxicity of QDs related to their physicochemical
states were observed by Bruchez et al. [39]. We observed
that the major toxicity of QDs was dependent on the release
of metal ions (e.g., Cd?*) which is in agreement with the
published literature reports [40, 41]. Haemolysis of QDs
was performed on blood procured from healthy mice using
PBS (pH 7.4). 10 pg/ml and 2.5 pg/ml of ZnSe/CdS
exhibited ~1.74% haemolysis followed by 5pg/ml that
showed low haemolysis (~1.5%) in 2 h. The low percent of
haemolysis gave the confidence that the QDs were
biocompatible and could be used for in vivo studies (Fig.
9).

(b) Fluorescence (¢) Merged

(a) Bright field
ZnSe/CdS quantum dot cellular uptake in HEK-29 (20x)

(a) Brght tield (b) Flunorescence

ZnSe/CdS quantum dot cellular uptake in MCF-7 (20x)

(¢) Merged

(a) Bnght field (b) Fluorescence (¢) Merged

ZnSe/CdS quantum dot cellular up take in EAC (20x)

Fig. 5. Cellular uptake induced biotoxicity of core-shell ZnSe/CdS QDs
on cancer cell lines HEK-29, MCF-7 and EAC cells were treated with
10pg/ml of ZnSe/CdS quantum dots, incubated for 3 hrs, then fixed with
4% para-formaldehyde, and viewed under microscope [Nikon 90i] at
Magnification 20x.

Tumour regression

The potential role of ZnSe/CdS quantum dots was assessed
by testing its efficacy in Balb/c mice tumor model in terms
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of tumor regression. Tumor regression results showed that
ZnSe/CdS reduced the tumor burden negligibly when
compared to control i.e. PBS. For simultaneous imaging
and therapeutic uses, novel smart multifunctional QDs
capable of sensing the release of therapeutics by altering
the fluorescence of the imaging modality have been
reported*2 as shown in Fig. 6 (a). Toxicological issues
relating to QDs have always been contentious owing to the
heavy metal property of cadmium that is known to be toxic
in its free form (Cd?*). But, they are semiconducting in
nature too, that enhances their photo-physical properties
and imparts excellent tunable characteristics [43].
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Fig. 6 (a) Effect of various ZnSe/CdS QDs concentrations on haemolysis
post 2 hours incubation (b) Tumour regression by ZnSe/CdS QDs. Slight
reduction in tumor burden was observed when compared to control
(PBS).

Further, zinc selenide is reported to be potentially
hazardous for neurological and genitourinary toxicity that
further hinders the application of QDs to human subjects
considerably. Indeed, in vivo toxicity is likely to be a key
factor to determine whether QD imaging probes would be
approved for human clinical use or not? Despite these
limitations, QDs have been applied to cells and small
animals as drug carriers, serving as an outstanding
discovery tool for drug screening and validation and as
prototype materials for drug carrier engineering. Su et al.
[44] have also demonstrated that after the surface
passivation with CdS and ZnSe shell, the cytotoxicity of the
QDs were significantly suppressed. CdSe QDs are highly
toxic to cultured cells for extended periods of time, but
QDs with a stable polymer coating are not likely to be toxic
to cells and animals. Paradoxically, ZnSe/CdS have shown
negligible effects in in vivo studies done by Ballou and co-
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workers, thereby confirming the nontoxic nature of stable
protected QDs. The effect of ZnSe/CdS QDs on tumour
reduction was assessed in terms of the tumour volume over
a period of 21 days Fig. 7. Approximately, 35% tumour
regression was observed with the QDs as compared to
placebo. The positive control mice exhibited a 93%
reduction in of tumour volume. The reduction was not very
significant in case of ZnSe/CdS. However, the tumour
regression data post 21 days of injection clearly indicates
that the QDs not only have a diagnostic value but also a
therapeutic potential.

ZnSe/CdS Positive Control

Volume: 585
mm?*

. Volume: 5457 mm"
Volume: 6335 mm®

Volume: 452
mm?*

Volume: 4546 mm®

Volume: 3433mm”*

Volume: 450
rnm’

Volume: 5369 mm®

Volume: 7323 mm*

Fig. 7. Approximately, 34% Tumor Regression observed by ZnSe/CdS
QDs, and 93% observed by Mitomycin C (Positive control) with respect
to placebo (PBS).

Conclusion

Using 1, 2, 3-cycloocteno selenadiazole as a selenium
precursor 1:1 CdS/CdSe, ZnSe/CdS and ZnSe/CdSe core
shell QDs were successfully synthesized with tunable
absorption and emission wavelengths. Among C6 and C8-
SDZ, C6-SDZ was proved to be a successful precursor of
selenium for synthesis of good quality ZnSe/CdS Core-shell
QDs. It was observed that, thickness of shell layer increases
with time and thus absorption value in the UV-visible
spectra. Highly monodisperse and stable core shell QDs
exhibited zinc blende crystal structure even after over
coating with shell in all cases. The excellent monodispersity
and high photoluminescence stability of the ZnSe/CdS core
shell QDs impelled to study for cytotoxicity. As-
synthesized ZnSe/CdS QDs showed more cytotoxicity
towards MCF-7 cell line. It is believed that being
hydrophobic in nature their retention time in a given cell
line will be for a longer time thus causing greater damage.
The prime challenge of drug delivery is to maintain an
effective concentration of the drug in the targeted tissue
while preventing toxicity. Another promising area of
research  is  multifunctional ~ nanoparticles  that
simultaneously deliver therapeutics and diagnostics or
“theranostics". Drug delivery vehicles may be conjugated
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to quantum dots or other nanoparticle probes to augment
the treatment and monitor the tumors progression as the
QDs are stable enough to be in the cells over a long period.
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Fig. S1. Particle sizes of A) CdS/CdSe, B) ZnSe/CdS, C)
ZnSe/CdSe using C8 as precursor and D) ZnSe/CdS synthesized
using C6 as precursor.as-synthesized core-shell nanoparticles.

Fig. S3. SEM images of as-synthesized A) CdS/CdSe, B)
Table S1. The calculate_cll F WHM from Raman §pectra of t_he core- ZnSe/CdS, C) ZnSe/CdSe using C8 as precursor and D) ZnSe/CdS
shell QDs near 400 cm™ and its comparison with the particle size synthesized using C6 as precursor (scale bar for images A, B, D is

obtained from TEM. 30 nm and 100 nm for image C).
Core-shell FWHM (nm) Particle size from
TEM (nm)
A 25.00 4
B 18.00 6
C 24.61 5
D 26.30 3
LO+SO
80 i ,400 540
1
1
]

Intensity (a. u)
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Fig. S2. Raman scattering of A) CdS/CdSe, B) ZnSe/CdS, C)

ZnSe/CdSe using C8 as precursor and D) ZnSe/CdS synthesized
using C6 as precursor.
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