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Introduction

Quantum dots (QDs) have received incredible attention from
researchers as functional materials due to their quantum
confinement effect, shape and size dependent optical proper-
ties and stable, narrow fluorescence peaks. Colloidal semi-
conductor PbS QDs, having a vast exciton Bohr radius of 18 nm,*
offer tunable luminescence over visible and NIR regions
(400-2500 nm) by controlling the dot size.>™* In the limit of
strong confinement, the third order nonlinear optical response
of PbS QDs is relied upon to be thirty times that of GaAs and one
thousand times that of CdSe materials, which is exceptionally
attractive for photonic and optical switching device applica-
tions.® Different routines have been suggested to synthesize PbS
quantum dots.*™ PbS QDs capped with b-lactoglobulin were
synthesized in aqueous medium using microwaves and used for
examining 293T cells.** Core-shell PbS-CdS QDs were syn-
thesised using cation exchange method for a duration of
1-48 hours. Likewise, core PbS QDs were synthesized using GSH
and used for examining the lymph system, cerebral blood
vessels, and breast tumor." The RNase-A assisted PbS QDs in
the attractive NIR-II window were also synthesized in aqueous
medium using microwaves.'® Oleic acid capped PbS QDs with
a size <2 nm were synthesized previously."” One-step synthetic
strategy for the preparation of recombinant protein (EGFP-
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a major role in the capping process, stability as well as purity and crystalline nature of the QD. Strong red
fluorescence from QDs in the Hela cell makes these materials suitable for deep tissue imaging.

protein G)-coated PbS QDs for the imaging of breast tumors
at the cellular and whole-body level was already developed.*®

It should be noted that amongst these routines is the
Cademartiri synthesis route™ that employs lead chloride with
elemental sulphur as the precursor in oleylamine as the solvent.
Herein, trioctylphosphine (TOP) can be added to oleylamine
solvent as a capping agent to accomplish great control of QD
size tenability and reproducibility. Notwithstanding, the utili-
zation of TOP and trioctylphosphine oxide (TOPO) improves the
toxicity of the nanoparticles that are unacceptable for in vivo
applications and are risky, expensive and unsatisfactory for
mass production of PbS QDs.*® Comparable issues emerged
when these PbS QDs were procured in aqueous solution
utilizing a mixture of thioglycerol and dithioglycerol as stabi-
lizing agents or utilizing dihydrolipoic acid as a stabilizer at
room temperature.”* PbS QDs were also prepared in aqueous
medium utilizing capping material such as 1-thioglycerol/
dithioglycerol,”* dihydrolipoic acid,* r-cysteine,* apoferritin®
and luciferase.”* Among these coated QDs, those coated with
1-thioglycerol/dithioglycerol have tuneable emission in
a second NIR window. However, PbS QDs capped with 1-thio-
glycerol and dithioglycerol are non-biocompatible and cyto-
toxic. An alternate paramount perspective is the virtue of the
colloidal QDs as the impurities create a deep energy level in the
band gap and disable device performance. The carrier mobility
of these materials, which relies upon the scattering mechanism,
is a function of crystal flawlessness and purity.>”®

Results and discussion

From the abovementioned perspective, in this study, we report
the synthesis of pure PbS colloidal QDs utilizing sol-gel method
with less poisonous and green precursors, for instance, sodium
sulfide, which is inodorous and less dangerous than organic
sulphur.” We utilized different precipitation techniques for
eliminating the unreacted precursor and solvents for obtaining
purified PbS QDs for different applications. The synthesis was
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carried out using a hot injection method; first, the sulfur
precursor was prepared by the reaction of sodium sulfide and
oleic acid in glycerol/water under reflux conditions at 180 °C in
nitrogen atmosphere. Likewise, the lead precursor was also
prepared from lead acetate trihydrate and oleic acid following
the similar protocol. Then, the lead precursor was quickly
injected to the sulfur precursor under reflux conditions at
constant temperature, turning the solution darkish brown,
indicating the formation of PbS QDs. The reaction mechanism
is given in eqn (1) and (2).

Pb(OAc), - SH20 + oleic acid (OA) — Pb(OA), 6]
Pb(OA), + S*~ — PbS + 2(0A) 2)

The reaction continued for an appropriate time for the
growth of PbS QDs. After that, the reaction mixture was cooled
to room temperature, centrifuged and dried for further use.
Samples A and B were obtained by following a different centri-
fugation technique (see ESIt). PbS nanoparticles (sample A)
were acquired by precipitation in ethanol, followed by centri-
fugation for 15 minutes at the speed of 4000 rpm. This precip-
itation was repeated five times for complete evacuation of
unreacted precursor and solvents. Likewise, the purification of
sample B was done by precipitation with ethanol, followed by
centrifugation for 10 minutes at a speed of 7000 rpm. This
precipitation was repeated 7 times to completely remove the
impurities. With increased centrifugation speed and washing
times, the insoluble aggregates, unreacted precursors and free
ligands could be removed.**** Density Gradient Centrifugation
(DGC) techniques are widely used for separation in colloid
science and in cellular and molecular biology. Objects that are
heavier than the solvent settle spontaneously due to gravity,
which takes a very long time. The centrifugal force can be
increased with speed. For nanoparticles, gravitational energy is
commensurate with thermal energy, and due to this, the
particles will not settle at all. To overcome this, centrifugal
forces help particles to move away from the axis of rotation and
separate these particles by size and shape.*” The purity of
sample B over sample A is clearly supported by UV-vis spectra
and EDX results (Fig. S1,f 1 and 2). A green solvent mixture
(glycerol-water) mediated convenient synthesis of oleic acid

o

(b)

Fig. 1 (a) SEM image and (b) EDX spectra of sample A PbS QDs.
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(b)
(a) SEM image and (b) EDX spectra of sample B PbS QDs.

Fig. 2

capped pure crystalline PbS QD was obtained with high yield by
controlling the speed of centrifugation only. The simple
procedure, use of green solvent, ease of isolation, high yield and
photostability of PbS QD make this method green and envi-
ronmentally benign.

Fig. S1 demonstrates the absorption spectra of sample A with
an absorption peak centered at 250 nm, portraying strong
absorption in the ultraviolet region and good quantum
confinement effect in contrast with the bulk PbS absorption
region of 3200 nm. We attribute the source of this absorption
band to 1pe-1ph transitions in these PbS dots.** No other visible
absorption peaks can be seen, which can imply that the tran-
sitions occur from other quantized states of the QD. Sample B
demonstrates a few absorption peaks, i.e. the onset at 500 nm,
and an alternate strong absorption peak at 259 nm, which can
be credited to 1se-1sh and 1pe-1ph transitions individually.
More numbers of excitonic peaks in the absorption spectra of
sample B dots can be attributed to the good crystalline quality of
the nanoparticles. Broad absorption spectrum in the visible
region indicates the fluorescence efficiency of sample B in the
near-infrared region (NIR). Once we excited sample B at 550 nm,
we observed a significant emission peak at 855 nm with a high
Stokes shift of 300 nm (Fig. S2t). Fluorescence peak in the NIR
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window is useful for deep tissue imaging because scattering of
light is reduced in NIR compared to that in the visible region,
which helps in obtaining good results from bio-imaging tech-
niques for live cancer cell detection in the human body. All
these exciton transitions additionally demonstrate a great
quantum confinement impact, in contrast with bulk Pbs.

To affirm the binding of the capping agents to the surface of
PbS QDs, we performed Fourier transform infrared (FTIR)
spectroscopy analysis in the range of 400-4000 cm™ " as delin-
eated in Fig. $3.7 The C=0 bond stretching peak at 1743 cm ™"
in the IR spectra of sample B can be ascribed to the great
capping of the oleate ligand to the surface of the QDs, which
vanished in the IR spectra of sample A. Presence of oleic acid
capping is additionally evidenced from the IR bands of 2853
and 2922 em ™" of sample B, which is because of the symmetric
and asymmetric C-H stretching modes of the CH, groups of
immaculate oleic acid. These bands are not seen in the spectra
of sample A, demonstrating poor oleate ligand capping on this
QD surface. Sample A demonstrated a strong and broad
absorption peak at 3447 cm™ ', which can be attributed to the
hydrogen bonded hydroxyl group on the surface of the QDs,
which very nearly vanished in the spectra of sample B. We
assume that sample A, with lower centrifugal speed and
precipitation carried out five times, could not effectively evac-
uate the solvents, which prompted a broad absorption peak at
3447 cm™ ' attributed to an exchangeable proton from the
alcohol and carboxylic acid group. This prompted poor oleate
capping on the QD surface. Nonetheless, fast centrifugation at
7000 rpm and seven precipitations of sample B prompted the
complete evacuation of organic impurities, which prompted
strong bonding of the capping ligand on the QD, hence
providing better stability and restraining particle growth.

The SEM images of sample A are displayed in Fig. 1(a), which
portrays complete cluster formation of the QDs because of poor
oleate ligand capping, as affirmed through the FTIR spectra.
This brought on quicker detachment of the capping ligand,
which initiated ‘Ostwald ripening* where the QD molecules
became larger to diminish the surface energy. This prompted
the agglomeration of QDs in the form of a cluster, as seen in the
image, and no dots were particularly noticeable here. The EDX
spectra of sample A dots in Fig. 1(b) exhibit the existence of
sulfur, sodium and oxygen. The SEM image of sample B in
Fig. 2(a) shows highly dense QDs of different shapes and sizes.
Herein, despite the fact that the dots tend to agglomerate, they
can be notably visible. Nonetheless, in sample B, no impurity
elements are seen in the EDX spectra, as indicated in Fig. 2(b),
in contrast to sample A.

The TEM images of sample A in Fig. 3(a) demonstrated
spherical dots of different sizes. Patches can likewise be seen in
the background owing to the impurities present in the sample.
Conversely, the TEM image of sample B in Fig. 3(b) exhibits
well-defined and distinct spherical dots of different sizes with
no background patches. Presence of clear lattice planes can
likewise be seen in the image, which confirms the well-
crystallized structure of the QDs. The HRTEM image of
sample B is likewise demonstrated in Fig. 3(c), which
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Fig. 3 (a) TEM image of sample A dots; (b) TEM image of sample B
dots; (c) HRTEM image of sample B dots.

demonstrates distinct dot formation exhibiting lattice planes
with a diameter of 15 nm.

Fig. S4 exhibits the X-ray diffraction pattern of PbS QDs.
Sample B shows sharp diffraction peaks that exactly match the
standard values and are, thus, indicative of its highly crystalline
structure and purity. XRD spectra of sample A also demonstrate
its crystalline nature, but the diffraction peak is not so sharp
compared to that of sample B, as revealed by the diffraction
patterns with the peaks at 25°, 30°, 42°, 51°, 53°, 62°, 68°, 71°
and 79° corresponding to the (111), (200), (311), (222), (400),
(331), (420), (422) and (511) planes, respectively, of the Pbs QDs,
as confirmed as per the JCPDS file no. 77 0244. The average
nano-crystalline size of the QDs can be obtained using Debye-
Scherrer equation:

D = arMBcos b (3)

where D is the mean crystal size in nm, « is a geometric factor
(about 0.9), A is the X-ray diffraction (XRD) wavelength used in
the experiment (0.1546 nm for Cu Ko radiation), § is the half-
peak width of the diffraction peak and can be measured from
the XRD pattern, and @ is the angle of the corresponding
diffraction peak. Thus, poor capping of the oleate ligand in
sample A led to the formation of large size dots, which is also
supported through the X-ray diffraction peaks.

Undoubtedly, cellular imaging is one of the imperative
practices in biology and medicine, and it is an important
technique of cellular analysis, particularly analysis of biological
procession in cells. Nevertheless, two key factors could influ-
ence on the usage of QDs in cellular imaging, that is, cytotox-
icity and fluorescence stability. Fluorescence stability was

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Fluorescence and bright-field images of live cells: (a) bright-
field image of Hela cells directly labelled by sample B (3 x 107> M in
PBS buffer) for 4 hours, green channel; (b) fluorescence images of
Hela cells directly labelled by sample B (3 x 10~° M in PBS buffer) for
4 hours, green channel; (c) merged images of (a) and (b), green
channel; (d) bright-field image, red channel; (e) fluorescence image,
red channel; (f) merged images of (d) and (e), red channel.

measured by time dependent fluorescence spectroscopy. As
shown in Fig. S5,7 with the extension of storage time, the
fluorescence intensity of PbS QDs (sample B) did not decrease
but instead increased. Therefore, oleic acid capped Pbs QDs
(sample B) are suitable for cellular imaging.

The cytotoxicity of as-prepared PbS QDs, which was used to
evaluate their biocompatibility, was studied using cervical
cancer HeLa cells and human embryonic kidney HEK 293 cells
as the model cell lines for the standard MTT method.
Percentage (%) of cell viability was measured from the absorp-
tion of different concentration of QD (0-800 pg mL ") treated
cells at 570 nm. In Fig. S6,T it was observed that oleic acid
capped QDs are cytotoxic in both the cell lines at extremely
higher concentrations only. Log ICs, values of sample B in HeLa
and HEK293 were observed to be 1.78 + 0.01 pg mL ' and
1.93 + 0.006 pg mL ™", respectively.

To utilize the QDs in cellular imaging, we studied the cellular
uptake of PbS QDs (sample B) by cancerous HeLa cells. Cells
were incubated with 3 x 107> M of QDs in cell culture DMEM
for 4 hours and monitored using Olympus fluorescence
microscopy. After 4 hours of incubation with QDs, cells showed
bright green and red fluorescence under two different filters of
the microscope. The aggregation of nanoparticles in the cyto-
plasm and nucleus is clearly visible (Fig. 4).

Conclusions

In summary, the present study reports a convenient green
synthetic approach for the preparation of PbS QDs with less
toxic sodium sulfide and oleic acid as the capping agent rather
than TOP and TOPO chemicals, which can open its plausibility
for applications in biological systems. We obtained good crys-
talline PbS QDs as we expanded the centrifugation speed to
7000 rpm, repeated the precipitation 7 times and dried the
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product for six hours. This technique could effectively eliminate
the hydrogen bonded hydroxyl group and encouraged great
capping of the oleate ligand on the surface of the QD for
hindering particle agglomeration and growth. The XRD and
EDX spectra revealed the formation of profoundly immaculate
and crystalline QDs, which can be suitably utilized for opto-
electronic applications. Fluorescence imaging study with the
HeLa cell clearly indicates that these QDs can be utilized for
deep tissue imaging.
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