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Colloidal quantum dots (CQD) have attracted considerable attention for biomedical diagnosis and
imaging as well as biochemical analysis and stem cell tracking. In this study, quasi core/shell lead
sulfide/reduced graphene oxide CQD with near infrared emission (1100 nm) were prepared for potential
bioimaging applications. The nanocrystals had an average diameter of ~4 nm, a hydrodynamic size

of ~8nm, and a high quantum efficiency of 28%. Toxicity assay of the hybrid CQD in the cultured
human mononuclear blood cells does not show cytotoxicity up to 200 ug/ml. At high concentrations,
damage to mitochondrial activity and mitochondrial membrane potential (MMP) due to the formation
of uncontrollable amounts of intracellular oxygen radicals (ROS) was observed. Cell membrane and
Lysosome damage or a transition in mitochondrial permeability were also noticed. Understanding of
cell-nanoparticle interaction at the molecular level is useful for the development of new fluorophores for
biomedical imaging.

Quantum dots (QD) are semiconductor and light-emitting nanoparticles with unique chemical, electrical and
optical properties. Due to the quantum confinement effect!, QD have size-tunable light emission and broad
absorption spectra. These characteristics along with their resistance to photoetching allow bright and concurrent
excitation of multiple fluorescence colors, offering superb advantages over organic dyes and fluorescent pro-
teins®. The unique optical properties of QD and their least absorption by body tissue have made them suitable
for dynamic imaging at the single-molecule level® and ultrasensitive biomedical diagnostics*. In spite of these
advantages, the presence of heavy metal ions and the potential toxicity of QD, their chemical instability in aque-
ous solution (due to reactive dangling bonds on their surfaces), and blinking (rapid on-and off light emission)

© remain major concerns®”’. In order to attain water-soluble, non-aggregated and photo-stable QD, it is inevitable

* to modify their surface chemistry by hydrophilic polymers®. The polymer coating also reduces the propensity of

. nonspecific binding to proteins and cellular membranes’. Nevertheless, polymer-coated QD often suffer from
reduced quantum efficiency, a large hydrodynamic size, and chemical heterogeneity'. A considerable interest
still remains for developing functional and bright-emitting QD with optimized hydrodynamic size. Moreover, the
inorganic fluorophore must resist nonspecific interactions and site-specific ligand conjugation!!.

!Department of Materials Science and Engineering, Sharif University of Technology, P.O. Box, 11365-11155, Tehran,
Iran. 2Department of Pharmacology and Toxicology, Faculty of Pharmacy, Shahid Beheshti University of Medical
. Sciences, P.O. Box, 14155-6153, Tehran, Iran. *Department of Nanobiotechnology, Faculty of Biological Sciences,
: Tarbiat Modares University, P.O. Box, 14115-175, Tehran, Iran. “Institute for Nanoscience and Nanotechnology,
Sharif University of Technology, P.O. Box, 11365-11155, Tehran, Iran. Mahdi Ayoubi and Parvaneh Naserzadeh
contributed equally to this work. Correspondence and requests for materials should be addressed to A.S. (email:
simchi@sharif.edu)

SCIENTIFICREPORTS|7: 712896 | DOI:10.1038/541598-017-13396-y 1


http://orcid.org/0000-0002-9111-2977
mailto:simchi@sharif.edu

www.nature.com/scientificreports/

Lead sulfide (PbS) nanoparticles are particularly attractive for optoelectronic and biomedical applications.
The absorption spectra of PbS QD can span from low to mid infrared range (dependent on their size) with a large
Bohr radius (18 nm) and long fluorescence lifetime (up to microseconds)'?. The photoluminescence quantum
yield (PLQY) remains high even after the transfer to water'®. The high atomic number of lead also provide good
X-ray absorption under clinical voltages, which makes them suitable as contrast agent for X-ray and CT imag-
ing!'". However, PbS QD are toxic due to unwanted leakage of lead ions in biological environment'®. Additionally,
water solubility and stability of these nanocrystals are major concerns because the nanocrystals are mainly syn-
thesized by organic chemistry. Chemical synthesis of QD in organic solvents often yields monodispersed parti-
cles with well-passivated surface functional groups (because lead oxides are easily form on the dangling bonds
with PLQY loss)'. Therefore, transferring of the hydrophobic QD to water while keeping the high quantum
efficiency is tricky. Hinds et al.'” functionalized the mercaptodecan chain with tetraethylene glycol to replace the
surface ligands of PbS QD to obtain water-soluble nanocrystals. The dots were stable in 4-(2-hydroxyethyl)-1-p
iperazineethanesulfonic acid (HEPES) buffer for 5 days and then settled down. Lin et al.'® transferred PbS QD
to water through a ligand exchange process with polyacrylic acid. The nanocrystals showed a decreased PLQY
(from 82% to 24%) after ligand exchange and complete loss of emission after few days. Wang et al."® utilized green
chemistry routes to prepare water-soluble PbS QD with a double coating of silica-polymer (PEG) layer. Yang
et al* synthesized PbS-Bovine hemoglobin nanocubes using a protein based method. Deng et al.?! synthesized
PbS QD with strong infrared fluorescence directly in aqueous solution using a lipoic acid as a stabilizer. The dots
were highly stable in water with a lower toxicity than CdTe, CdHgTd, and HgTd quantum dots. Liang et al.*? used
graphene quantum dots as an agent to transfer nanoparticles from non-polar to polar solvents. By photolumines-
cence study, energy transfer from graphene dots to nanoparticles was shown.

In spite of great potential of utilizing PbS QD for biomedical applications, their toxicity remains a major con-
cern, which inhibits their usage for diagnosing and treating patients. The toxicity of PbS QD can be ascribed to
different sources, but like other nanoparticles leakage of toxic metal ions, imbalance in systemic manifestation
of reactive oxygen species (ROS) and detoxification the reactive intermediates induced by intracellular oxidative
stresses, and autophagy have major roles?. It is well known that lead is hazardous to a number of body functions
such as the central nervous, hematopoietic, hepatic and renal system. ROS are chemically reactive chemical spe-
cies that have imperative roles in cell signaling and homeostasis?>. A dramatic increase in ROS level, for example
through the inhibition of mitochondrial electron transfer chain (ETC) complexes, may result in important dam-
age to cell structures and functions. Many studies have shown that mitochondrial-produced ROS assists the mito-
chondrial permeability transition (MPT) which is the key important motivations for apoptosis and necrosis*.
Autophagy is a lysosome-dependent cellular degradation process, a major mechanism of cell death?. There is a
myriad of scientific literatures and review papers on the cytotoxicity evaluation of nanomaterials, particularly
nanoparticles and quantum dots, and their effects on the biological systems. Major toxicity mechanisms include
contamination with toxic elements and generation of radical species, high surface charge and fibrous structure,
morphological issues (e.g. needle-like or sharp-edged particles), and modified physicochemical properties due
to very high surface to volume ratio and enhanced reactivity?>~%". It is generally agreed that the cytotoxicity of
QD depends on their properties (composition, size, shape, aggregation, surface charge, redox activity, surface
coating, degree of stability, etc), the responding cell type, routes of exposure, processing parameters and environ-
mental conditions?-32. Therefore, results on cell response to QD are often inconsistent and contradictory. The
liberation of transition or heavy metal ions (e.g. Pb** and Cd*") from QD intact with cells induces toxic effects
through conventional mechanisms of metal toxicity such as damage to lipids, proteins, enzymes and DNA via the
production of free radicals or replacing other cations which disrupt biological metabolism of the cells**-*. Free
radical intermediates or redox active groups present on the surface of QD can also induce oxidative stress leading
to ROS-medicated apoptosis®**’. Therefore, many studies have been performed to modify the surface of QD in
order to enhance their chemical stability and to tailor their physicochemical properties.

Surface functionalization of PbS QD to avoid lead ion leakage and prevent ROS production irregularities and
autophagy is vital if the nanocrystals are to be used for biomedical applications. In contrast to previous investi-
gations, which surface functionalization has been performed by hydrophilic polymers!?, we present a chemical
strategy to prepare quasi core-shell PbS/rGO quantum dots. It is demonstrated that the heterostructure nano-
crystals have very high solubility/dispersibility in water (concentration as high as 50 mg/ml), long stability (up to
months), and a high PLQY (28%). The dose-dependent toxicity of the nanoparticles in cultured human mononu-
clear cell is shown. Molecular mechanisms of interaction with the cells are also explained.

Methods

Materials. To prepare PbS QD, lead (II) oxide powder (PbO, 99%), oleic acid (OA, technical grade 90%) and
anhydrous solvents including toluene, octane, methanol and isopropanol were purchased from Merck & Co.
(Darmstadt, Germany). Bis(trimethylsilyl) sulfide (TMS, Strem, 97% purity) and 1-octadecene (ODE, Sigma-
Aldrich, technical grade 90%) were utilized without purification. A high purity graphite rod and utilized for the
preparation of graphene nanosheets.

We used MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) to assay activity of mitochon-
drial complex II (succinate dehydrogenase). The formazan crystals were dissolved by dimethyl sulfide (DMSO).
We evaluated ROS generation and MMP by 2/,7’-dichlorofluorescein diacetate (DCFH-DA) and Rhodamine
123 (Rh 123) probes. For the evaluation of lipid peroxidation, Malondialdehyde (MDA), Thiobarbutiric acid
(TBA), n-butanol, and Tetramethoxypropane (TEP) were utilized. GSH and GSSG were determined by OPA and
NEM probes. Lysosomal membrane integrity was analyzed by acridine orange. We used different buffers includ-
ing Tris-HCI, sucrose, MgCl,, KCl, MnCl,, potassium phosphate 2-aminoethylether- N, N, N/, N’-tetraacetic
acid (EGTA), Ethylene ediamine tetra acetic acid (EDTA) and Na,HPO4. All chemicals were supplied by Sigma
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Chemical Co. (St. Louis, MO, USA) and were of analytical grade, high performance liquid chromatography
(HPLC) grade or the best pharmaceutical grade. All materials were dissolved in saline.

Synthesis of quasi core-shell nanocrystals. To synthesis the heterostructure fluorophore, ultrafine
graphene oxide nanosheets were synthesized by electrolysis of the graphite rod in an aqueous solution of NaOH
(0.1 M). A glass vessel (100 mL) containing a working electrode (graphite) as anode and a counter electrode
(platinum foil with thickness of 1 mm) as cathode were utilized. The distance between the parallel electrodes was
1cm. A constant current of 120 mA/cm? were applied for 30 min. Afterwards, Na* and OH~ ions were separated
by dialysis tubing 3.5 kDa; then, the solution was dried at 373 K and dispersed in 1MP (1 mg/ml) (1-Methyl-
2-pyrrolidone). In another flask, 0.7 g of PbO were mixed with 28 mL of IMP and then 10 ml of the graphene
oxide suspension (1 mg/ml) was added to the flask maintained at 110 °C and stirred for 14h under argon stream.
Afterwards, a solution containing 210 pl of TMS dissolved in 10 mL of 1MP was swiftly injected into the flask and
vigorously stirred for 2 h. The reaction product was separated by centrifuge (SIGMA, Germany) at 20000 rpm for
20min and the remained solution was separated as product. Ions were separated from the solution by dialysis tub-
ing 3.5kDa. The hybrid nanocrystals were then precipitated by vacuum evaporation and finally dispersed in PBS.

Materials characterizations. The size and morphology of the nanocrystals were studied by a
high-resolution transmission electron microscope (HRTEM, JOL, JEM-2100, Japan) equipped with an
energy-dispersive X-ray spectroscopy (EDS). Phase characterizations were performed by employing an X-ray
diffractometer (Stone Sandi P, USA) utilizing a Cu Ko radiation (1.54 Angstrom). The absorption spectrum of the
nanocrystals was recorded on a UV-Vis-NIR Carry 500 spectrometer (Varian, USA). Fourier transformed infra-
red spectroscopy (FTIR) was performed by a Perkin-Elmer instrument (RX, USA). Raman shifts were measured
by a InVia (Renishaw AB, Sweden) spectrometer using an incident laser light with 514.5 nm wavelength. Surface
analysis was performed by X-ray photoelectron spectroscopy (XPS). A hemispherical analyzer with an Al Ko
X-ray source (1486.6eV) at 10~7 Pa was employed. Deconvolution of XPS peaks was performed on Gaussian com-
ponents after a Shirley background subtraction. The photoluminescence (PL) emission spectrum of the nano-
crystals was recorded on a FLS920P Edinburgh instrument (Kirkton Campus, UK) equipped with a cryogenically
cooled photomultiplier (R5509-43, Hamamatsu). For steady-state spectra, a 450 W continuous xenon arc lamp
was utilized. For lifetime measurements (PL decay) a picosecond pulsed diode laser (EPL-405, excitation wave-
length 405 nm, pulse width: 49 ps) was used. A stretched exponential function with two characteristic parameters
of T (decay time) and 3 (stretch parameter) was utilized for the curve fitting. To determine the photolumines-
cence quantum yield (PLQY) of the nanoparticles, an absolute method?® was used. The fluorescence spectrometer
equipped with an integrating sphere with BENFLECR coated inner face (Edinburgh Instruments) was employed.

In vitro toxicology of heterostructure quantum dots. Effects of nanoparticles on the mononuclear
human cells were examined by various biological assays. Fresh, healthy and untreated bloods of 15 donors were
utilized for these studies. Peripheral blood (PB) samples were obtained after informed consent on age-matched
controls (20 to 25 years), and health assurance was confirmed by clinical examination as well as morphological
and immunological criteria. The study was approved by the research ethics committee of the Shahid Beheshti
University of Medical Sciences (Tehran, Iran) and all the patients signed an informed consent form. Instruments
utilized for the in vitro toxicology investigations include a MCO 17A1 CO, incubator (Sensor Sanyo IR, Japan),
vapor bath stark eliwellewpc 800 (UK), Harrier 18/80 refrigerated centrifugation (Sanyo, Japan), UV/Visible spec-
trometer (Shimadzu 160 ABB, Japan), floremetry (Shimadzu RF-5000, Japan), digital balance (Shimadzu 20 E8
330H, Japan), shaker (REAX2000, Iran), ELISA reader (In finite 200 M, TECAN, Rainbow Thermo, Austria), and
BD Biosciences FACS Calibure TM flow cytometer equipped with a 488 nm argon ion laser and a 530 nm band
pass filter (FL-1 channel). Details of experimental analyses are explained below.

Isolation of human Lymphocytes cells. Human blood was obtained from normal donors by vein punc-
ture and was mixed undiluted with heparin at 10 U/mi. This was layered on lymphocyte separation medium and
centrifuged at 400 x g for 25 roll. The mononuclear cells (MNCs) were collected from the interface and washed
three times at 440 x g for 10 min with RPMI1640 medium. Fresh plastic tubes were used at each centrifugation
step. The viability of the cells was always > 99.5% as estimated by trypan blue dye exclusion. Then, the mononu-
clear cells were separated and purified. Stock isotonic Percoll (SIP) was prepared by using nine parts of Percoll,
0.9 parts of 10 x HBSS and one part of 1 M MOPS (pH =7.4). It was then diluted with HBSS 4+ 10 mM MOPS
(HBSSMOPS) medium to prepare different densities (1.04-1.08 g/~ at 21 °C) according to the regression equation
described by Ulmer and Flad®.

Cell viability assay and determination of critical toxicity concentration. Cell viability was assessed
by 3-(4,5-dimethylthiazol-2-yl)-2,5- Diphenyl tetra zoliumbromide (MTT) staining®. Lymphocytes cells (1 x 10*
cells/well) were incubated in 96-well plates in the presence or absence of the nanoparticles for 6h in a final volume
of 50 ml. The absorbance was measured at 570 nm on ELISA reader.

Reactive oxygen species and mitochondrial membrane permeability. Lymphocytes cells (1 x 10°
cells) were treated with the hybrid quantum dots for 6 and 12 h. After treatment, Lymphocytes cells were washed
with PBS. H2DCFD and Rhodamin 123 (10 mM) were used to measure intracellular reactive oxygen species
(ROS) and disrupted cell membrane. These agents diffuse into the cells causing de-esterification. Subsequent
reactions with peroxides generate fluorescent 5-chloromethyl-2’, 7’ dichlorofluorescein (DCF). Mitochondrial
membrane permeability (MMP) was determined by flow cytometry using a lipophilic cationic dependent fluores-
cent dyerhodamine (Rh123). Cells were read on the flow cytometer and light scattering were analyzed for at least
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10000 counts per sample. A flow cytometer with the Flowing software-2-5-1, equipped with a 488 nm argon ion
laser was used and fluorescence signals were obtained using a 530 nm band pass filter (FL-1 channel).

Lipid peroxidation. The content of MDA was determined using the method of Zhang et al.*!. The human
Lymphocytes cells (1 x 10° cells/well) were incubated with various concentrations of the nanoparticles for 1 h
at 30°C. Then, 0.25 ml sulfuric acid (0.05M) was added to 0.2 mL cell fractions. Afterwards, 0.3 ml of a solu-
tion containing 0.2% TBA was added. All the microtubes were placed in a boiling water bath for 30 min. At
the end, the tubes were shifted to an ice-bath and 0.4 mL n-butanol was added to each tube. The tubes were
centrifuged at 3500 x g for 10 min. The amount of MDA formed in each of the samples was assessed through
measuring the absorbance of the supernatant at 532 nm with an ELISA reader (Tecan, Rainbow Thermo, Austria).
Tetramethoxypropane (TEP) was used as standard and MDA content was expressed as nmol/mg protein®!.

Glutathione disulfide and oxidized glutathione content. The ratio of reduced glutathione disulfide
(GSH) to oxidized glutathione (GSSG) is a sensitive indicator of oxidative stress in cells*>. Therefore, intracellular
GSH and GSSG were determined based on spectrofluorometric method by employing O-Phthalaldehyde (OPA)
and N-Ethylmaleimide (NEM) probe. Aliquots of the cell suspension (0.5 ml) that were previously stained with
OPA and NEM probe (5uM) were separated from the incubation medium by 1 min centrifugation at 1000 rpm.
The cell pellet was then suspended in 2 ml of fresh incubation medium. This washing process was carried out twice
to remove the fluorescent dye from the media. Each sample was measured in quarts cuvettes using a Shimadzu
RF5000U fluorescence spectrophotometer set for at 495 nm excitation and 530 nm emission wavelengths.

Lysosomal membrane integrity assay. Lymphocytes lysosomal membrane stability was determined
from the redistribution of acridine orange as a fluorescent dye. Aliquots of the cell suspension (0.5 ml) that were
previously stained with acridine orange (5 uM) were separated from the incubation medium by 1 min centrifu-
gation at 1000 rpm. The cell pellet was then suspended in 2 ml of fresh incubation medium. This washing process
was carried out twice to remove the fluorescent dye from the media. Acridine orange redistribution in the cell
suspension was then measured fluorimetrically by the spectrophotometer set at 495 nm excitation and 530 nm
emission wavelengths.

Adenosine triphosphate synthase. The concentration of adenosine triphosphate (ATP) in mitochondria
was determined by a bioluminescent somatic cell assay kit (sigma Aldrich.MO 63103, USA). In this measure-
ment, it is assumed that the ATP content per viable cell remains fairly constant. The bioluminescence intensity
was measured by a Sirius tube luminometer (Berthold Detection System, Germany).

Statistical analysis. Results are presented as mean & SD. All statistical analyses were performed using the
SPSS software, version 20. Assays were performed 5 times and the mean was used for statistical analysis. Statistical
significance was determined using the one-way ANOVA test, followed by the post hoc Tukey test. In some exper-
iments, the two-way ANOVA test followed by the post hoc Bonferroni test was performed. Statistical significance
was set at P <0.05.

Compliance of ethical standards. All procedures performed in this study were in accordance with rele-
vant guidelines and regulations of the Sharif University of Technology and Shahid Beheshti University of Medical
Sciences (Tehran, Iran). This study has been approved by the ethical committee and all the patients signed an
informed consent form.

Results
Characteristics of heterostructure nanocrystals.  Graphene oxide nanosheets were prepared by the elec-
trolysis of graphite rod. As shown in Supplementary Electronic Information (ESI) S1, the graphene dots have uni-
form lateral dimensions of about 10 nm with a thickness of ~1 nm. The dots were injected into the hot batch of lead
oxide to prepare the heterostructure nanocrystals. TEM study indicated that ultrafine particles with an average size
of ~4nm with a narrow size distribution were formed (Fig. 1a). From the high-resolution TEM study (Fig. 1b),
it appeared that an ultrathin layer of graphene with hexagonal structure and an atomic distance of 0.14 nm was
wrapped around the core particles. XRD study (ESI S2a) showed the presence of strong characteristic peaks of cubic
lead sulfide (JCPDS 02-0699) with a weak characteristic peak of graphene at 26° (d-spacing of 0.34nm).
Spectroscopic analyses were performed to study the absorption and emission response of PbS QD before and
after processing with GO nanosheets. Figure 1c shows that both nanocrystals have a relatively broad and dif-
fused absorption peak at around 940 nm. As compared with the pristine PbS QD prepared by the same method,
a slight shift in the excitonic peak to higher wavenumbers with a reduced intensity is noticeable. PL spectra of
the hybrid nanoparticles in steady-state and time-resolved conditions are shown in Fig. 1d and e, respectively.
PbS QD show a bright emission at near infrared region (around 1100 nm) with a high intensity. The heterostruc-
ture nanocrystals exhibit broader PL peak with lower intensity (due to fast extraction of carriers) and slightly
red-shift. However, no change in PLQY after processing with graphene nanosheets is seen; both materials have
~28% quantum efficiency, as reported elsewhere®’. On the other hand, time-resolved PL measurement (TRPL)
indicates faster charge transfer (0.9 us) for the hybrid quantum dots as compared with the pristine PbS QD (1.1
us) layer. It should be mentioned that this experiment was performed on a thin TiO, layer (300 nm) as the elec-
tron transfer layer. Fitting parameter of TRPL curves are shown in ESI Table S1. From FTIR analysis (see ESI S2b),
it was noticed that upon synthesis of PbS QD, some of the functional groups of graphene sheets were reduced.
To support this finding, XPS was employed (ESI S2¢). Deconvoluted XPS Cl1s spectra (Fig. 1f) indicates that the
heterostructure semiconductor particles have many surface functional groups*. The presence of carboxylate and
epoxy groups on the surface of hybrid nanocrystals possesses a good water dispersibility and stability, which are
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Figure 1. Characteristics of heterostructure semiconductor nanocrystals: (a,b) TEM images of the quantum
dots. (c) UV-Vis spectra show a relatively broad absorption peak at around 940 nm. (d) Steady-state and

(e) TRPL measurements indicate NIR emission at around 1100 nm with relatively long carriers’ lifetime.

(f) Deconvoluted XPS Cls spectra reveal surface functional groups of the prepared QD.

essential for biomedical applications. Raman spectrum of the heterostructure nanocrystals is shown in ESI S2d.
The main characteristic peaks of graphitic materials, i.e. G and D bands, were detectable. The noisy bands are
most probably originated from the strain induced symmetry breaking, due to the bending of the graphene layer
on the surface of PbS QDs*. The peak at 602 cm ™! are from 3LO phonon modes (longitudinal optical phonons)
while the weak peak at 966 cm™' may be related to the photodegradation of PbS.

Concentration dependent cell viability studies. For the measurement of cell viability, we assessed suc-
cinate dehydrogenase or SDH activity using the MTT test after 6h incubation of Lymphocytes cells with the
heterostructure nanoparticles at different concentrations ranging from 10 to 800 ug/ml. It was found that the
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Figure 2. (a) The effect of hybrid nanoparticles on the cell viability (SDH activity). (b) Changes in the ATP
production shows the effect of nanoparticles on the mitochondrial respiration. (c) The nanoparticles induced
lipid peroxidation in isolated mononuclear cells. Data represented as mean = SD of data determined from
three separate experiments. Values represented as mean £ SD (n=3). *P < 0.05; **P < 0.01; ***P < 0.001 and
##%%P < 0.0001; compared with control cell.

nanoparticles did not show a significant toxicity up to concentration of 200 ug/ml (Fig. 2a). At higher concentra-
tions, however, the mitochondrial metabolic conversion of MTT to formazan was decreased, showing toxicity of
the hybrid nanoparticles.

Effect of heterostructure nanoparticles on mitochondrial reactive oxygen species. To under-
stand possible toxicity mechanism at the high concentration, the effect of nanoparticles on the formation of ROS
was assayed. The flow cytometric graphs are shown in Fig. 3a. The significant peak shifting indicates that a high
amount of ROS are formed in the lymphocytes cells exposed to the nanoparticles. It is pertinent to point out that
chronic increase in the ROS production induces ROS-associated damages in DNA, proteins, and lipids, which
finally cause cell dysfunctions*. Since mitochondria are the main cause of ROS in the cell, there should be a
relationship between mitochondrial membrane potential (MMP) and the rate of ROS formation. Therefore, we
studied possible influence of the heterostructure nanoparticles on MMP. From flow cytometric graphs (Fig. 3b),
it was concluded that a high concentration of heterostructure QD could decline MMP of lymphocytes cells. Thus,
it suggested that the superoxide anion, as undesired by-product of mitochondrial oxidative phosphorylation, was
triggered by a leak of electrons from the mitochondrial respiratory chain. Since mitochondrial electron transfer
chain is required for ATP production and the nanoparticles impairs the mitochondrial respiration, we measured
the ATP level in isolated mitochondria from lymphocytes cells following the addition of nanoparticles. As shown
in Fig. 2b, the nanoparticles significantly decreased the ATP content in a concentration dependent manner. The
ATP reduction indicates the cell metabolism dysfunction.

Lipid peroxidation, thiols metabolism and redistribution of lysosome. Experiments showed a high
rate of ROS formation upon exposure of a concentrated (>400 ug/ml) nanoparticles to the human cells. ROS com-
bine with a hydrogen atom to make water and a fatty acid radical; hence, through the chain reaction mechanism
oxidative degradation of lipids occurs that can lead to cell membrane damage*’. We examined the concentration
dependent formation of MDA production for the hybrid nanoparticles. As Fig. 2c shows, the nanoparticles induce
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Figure 3. Flow cytometry graphs showing the effect of heterostructure quantum dots on (a) ROS formation
and (b) MMP of lymphocytes cells.

lipid peroxidation at high concentration. Since thiol metabolism has special relevance to understanding the cell’s
defense against toxicant exposure, the concentration of glutathione in cells in both reduced (GSH) and oxidized
(GSSG) states was determined after incubation with the hybrid nanoparticles using OPA as probe. Figure 4a,b
show the results. The ratio of GSH to GSSG may be used as a marker of oxidative stress because GSH is consid-
ered to be one of the most important scavengers of ROS. Our results indicate that the GSH/GSSG ratio decreased
with increasing the concentration of nanoparticles (Fig. 4c). Possible effect of hybrid nanoparticles on lysosomal
damage was also studied by acridin orange (a lysosomotropic agent) as probe. As Fig. 4d shows, the nanoparticles
caused significant damage to lysosomal membrane at concentrations > 800 pg/ml. This damage can cause caspase
dependent apoptosis or even necrosis due to high level of lysosomal membrane permeabilization.

Discussion

Hybrid quantum dots based on quasi core-shell lead sulfide-graphene as a biocompatible near infrared probe with
potential application in bioimaging were introduced. To prepare the quantum dots, graphene oxide nanosheets
were utilized instead of organic ligands such as oleic acid (OA) to passive the deep trap states. The ligand also con-
trols the nucleation and growth of nanocrystals to a desirable degree in order to prevent the bulk material to form.
When lead oxide is mixed with the graphene dots in IMP, the lead ions are prone to chemisorb on the functional
groups of the graphitic materials*®. Introducing the highly active sulfur precursor (TMS) leads to heterogeneous
nucleation of lead sulfide, which are then grown by further absorption of lead ions from the solvent. Due to the
high mobility of free ions, they can easily reach the nucleus to react with sulfur to form lead sulfide on the surface
of the growing nanocrystals. The presence of graphene dots prevent excess growth of the lead sulfide nanocrystals
and encapsulate the core. Because of geometrical limitations, this encasement is not completely executed and
quasi core/shell quantum dots are attained. Peak spliting in the Raman spectrum of the hybrid quantum dots
determines bending of the small nanosheets around the core, while XPS study indicates partial reduction of the
surface functional groups of the graphene oxide during processing.

The critical concentration, which the hybrid quantum dots are not toxic to human mononuclear blood cells,
was determined by succinate dehydrogenase or SDH activity using the MTT test. It was shown that up to 200 pg/
ml the hybrid nanoparticles are safe. At higher concentrations, a decrease in the mitochondrial metabolic con-
version of MTT to formazan following was noticed. Our study determined that a reduction in complex IT activ-
ity ameliorates mitochondrial respiration rates occurred. A rapid increase in ROS formation along with the
decreased GSH/GSSG ratio (related to the thiol metabolism) was also noticed. This finding indicated oxidative
stress as the main toxicity mechanism. It is known that GSH is a required component for preservation of thiol
groups which protects mitochondria against permeability transition or opening of MPT pores and oxidative
stress. The inverse linear relationship between the ROS level and the GSH level indicated that free radical species
were generated by exposure to the hybrid quantum dots with decreased mitochondrial and cellular antioxidant
levels. On the other hand, measurement of lipid peroxidation indicated a significant increase in the MDA level.
Therefore, oxidation of lipid membranes resulted in disruption of mETC, and consequently collapsing of MMP*5,
This phenomena could cause cytochrome ¢ explosion from mitochondria to the cytosol leading to the apoptosis
signaling®. Additionally, the results of ATP measurement showed that the superoxide anion was triggered by a
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Figure 4. Effect of hybrid nanoparticles on glutathione in both (a) reduced (GSH) and (b) oxidized (GSSG)
states. (c) The ratio of GSH/GSSG indicates the role of nanoparticles on the oxidative stress. The dot lines only
show the trend of variations to help eyes. (d) Changes in acridin orange (a lysosomotropic agent) indicate
possible lysosomal damage by the nanoparticles.

leak of electrons from the mitochondrial respiratory chain. Therefore, the hybrid nanoparticles at high concentra-
tions impaired the mitochondrial respiration. The toxic effect of quantum dots on human lymphocytes cells could
be due to their direct influence on enzymatic activity such as inhibition of mitochondrial ATPase. The decreased
ATP level along with damaged lysosome could orchestrate apoptosis signaling in human lymphocytes cells*.

Conclusions

In summary, quasi core/shell lead sulfide/reduced graphene oxide nanoparticles were synthesized by a modified
hot injection process. The quantum dots with an average diameter of about 4 nm compose of cubic PbS core and
a thin layer of graphene shell. Spectroscopic analyses indicate that the quantum dots are photoactive with bright
light emitting in near infrared region (1100 nm) with relatively long carriers’ lifetime (about 1 ps). The quantum
dots are dispersible in aqueous solutions while the graphitic shell passivate their dangling bonds and deep trap
states. To study the potential application of the hybrid quantum dots for bioimaging, their cytotoxicity intact with
human mononuclear cells were studied in vitro. The light-emitting quantum dots did not show major cytotoxicity
at concentrations <200 ug/ml. The precise mechanisms underlying the toxicity of the heterostructure quantum
dots at higher concentrations was studied. It was shown that oxidative stress in human mononuclear cells was
directly involved. The reduced cell viability was associated with significant increase in intracellular ROS level
and toxic alterations in mitochondria and lysosomes. These effects triggered depleted glutathione and lipid per-
oxidation. It was also shown that the oxidative stress damaged mitochondrial membrane causing cytochrome ¢
expulsion along with decreased ATP level, which ultimately led to cell death.
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