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Abstract—A novel alternative approach for extracellular synthesis of CdS quantum dots using Escherichia coli
bacteria, the fungus Pleurotus ostreatus, and the plant Linaria maroccana as biological matrices was previously
developed. The nanoparticles obtained had stable luminescent properties and diameters of 2–10 nm. This
paper presents the results of MTT assay- and flow cytometry-based analysis of cytotoxic/cytostatic effects,
proliferative activity, and the ability of the CdS quantum dots synthesized to adhere to HeLa cells (human
cervical cancer), malignized human T- and B-lymphocytes, and tumor cells of the AGS line (stomach cancer).
The toxicity of the CdS quantum dots obtained by the “green” synthesis method was lower than that of inor-
ganic cadmium sulfide, and this makes the quantum dots attractive candidates for a new type of nontoxic
luminescent probes for bioimaging in cytological studies.
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INTRODUCTION
Quantum dots are f luorescent semiconductor par-

ticles that can be used as novel f luorescent probes [1].
Quantum dots have unique photophysical properties
different from those of the conventional organic dyes,
such as adjustable brightness of emitted light, high f lu-
orescence intensity, resistance to photobleaching, and
simultaneous excitation of f luorescence of multiple
colors. Moreover, quantum dots can be obtained for
various biological applications, including immunohis-
tochemical detection, drug delivery and therapy, and
visualization and tracking of single molecules [2, 3].

CdS quantum dots are the most important semi-
conductors of groups II–VI among various semicon-
ductor materials; they are characterized in detail
because of their size-dependent photoluminescence
tunable in the visible spectrum. The main interest
towards the study of CdS quantum dots is actually
associated with their photoluminescent properties,
which make the quantum dots suitable for biological
and biomedical research [4].

Production of CdS quantum dots with various
chemical methods, such as microwave heating, micro-
emulsion synthesis, and ultrasonic irradiation, was
reported [5, 6]. However, chemical methods require
expensive equipment and highly toxic reagents, and
large amounts of toxic waste produced during the syn-
thesis pollute the environment. Therefore, the use of
biological systems for the synthesis of nanomaterials is
proposed as an alternative approach [7]. Living organ-
isms have a unique potential for obtaining nanoparticles
of various shapes and sizes. For instance, successful
extracellular synthesis of cadmium sulfide nanoparti-
cles using various living organisms (bacteria, fungi,
and plants) as matrices was reported in our previous
studies [8–12]. Cell cultures used to synthesize
nanoparticles are easy to grow under laboratory condi-
tions, safe for the environment, and capable of pro-
ducing a large amount of biomass in a short time.

However, the question of the cytotoxicity of quan-
tum dots is important for their subsequent practical
use. The toxicity of quantum dots is reportedly deter-
132
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mined by their physicochemical parameters, such as
size, charge, and stability, and by the chemical com-
position. Therefore, thorough testing of the CdS
quantum dots obtained by “green” synthesis methods
is necessary to characterize the toxic effects on various
cell types in view of the subsequent biological and bio-
medical applications.

Consequently, the aim of the present study was to
evaluate the possible cytotoxic effect of CdS semicon-
ductor nanoparticles that we previously synthesized
[8–12]. HeLa cells (human cervical cancer), trans-
formed human T- and B-lymphocytes, and the AGS
tumor cell line (stomach cancer) were used for evalua-
tion of cytotoxic/cytostatic action, proliferative activ-
ity, and adhesion properties. Cytotoxicity of the syn-
thesized nanoparticles and cell viability were investi-
gated using MTT analysis and flow cytometry. The
toxic effects of obtained CdS nanoparticles on various
biological matrices were compared with toxic cad-
mium sulfide salt. 

MATERIALS AND METHODS
The procedure of “green” synthesis and the physi-

cochemical properties of CdS quantum dots were
described in detail in our previous works [8–11]. A
JEM-2100F electron microscope (Japan) with an
accelerating voltage of 200 kV was used to characterize
the CdS quantum dots. Each sample was treated with
ultrasound to separate the particles.

The concentration of CdS nanoparticles obtained
from a stock solution with Escherichia coli bacteria was
3.6 mg/mL; that with the fungus Pleurotus ostreatus
was 3.75 mg/mL and that with the plant Linaria maro-
ccana was 1.2 mg/mL. The concentration of the CdS
salt obtained without any matrix added was 4 mg/mL.

The toxicity of CdS quantum dots was studied with
the following cell lines: transformed HeLa cells (cervi-
cal cancer), Namalwa cell line (Burkitt’s lymphoma),
MT-4 (T-cell leukemia), and the AGS cell line (stom-
ach cancer).

HeLa cells were incubated under standard condi-
tions in a thermostat at 37°C, 100% humidity, and 5%
CO2, in the RPMI nutrient medium (Sigma, United
States) supplemented with 10% FBS (Sigma, United
States), 2 mM L-glutamine, and 40 mg/mL gentami-
cin. T- and B-lymphocytes were resuspended in a
medium (DMEM or RPMI-1640 (Sigma, United
States)) supplemented with 10–15% FBS (Sigma,
United States). The mitogenic effects of quantum dots
on tumor cells were studied during the stationary
growth phase, when most of the cells were in the G0
phase of the cell cycle. Lymphocytes were isolated from
the peripheral blood of healthy donors by centrifugation
in a ficoll-verografin gradient (ρ = 1.077 g/cm3) at 1000 g
for 40 min. The lymphocytes were incubated at a con-
centration of 1 × 106 cells/mL in RPMI-1640 nutrient
medium supplemented with 10% FBS, 200 μM L-glu-
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tamine, 100 μg/mL penicillin, and 100 μg/mL strep-
tomycin for 3 days at 37°C and 5% CO2.

The cytotoxic/cytostatic effect of CdS and its effect
on proliferative activity and cell viability were determined
using the MTT-colorimetric assay [13]. The method is
based on the ability of the mitochondrial enzymes of liv-
ing cells to transform the yellow salt 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
into an insoluble purple formazan. A solution of MTT
(Sigma, United States) was added to 96-well plates at
20 μL/well and incubated with the cells for 3 h. The
plates were centrifuged (1500 rpm), the supernatant
was removed, and 100 μL dimethyl sulfoxide (Sigma)
were added to each well to dissolve the formazan crys-
tals. Optical absorbance was measured using a spec-
trophotometer (wavelength 540 nm).

The toxicity of CdS quantum dots was also assessed
using f low cytometry. Cells in the G2 + M phase are
known to contain twice the amount of DNA and, con-
sequently, f luorochrome as compared to those at the
G1/0 phase of the cell cycle. The amount of DNA
increases gradually in the S-phase, and this is recorded
by the device. The number of pulses per channel is
plotted on the y-axis: the higher the curve at a specific
point, the more cells with the corresponding DNA
content are present in the corresponding channel. The
DNA of the studied cells was stained with propidium
iodide (PI), a f luorescent dye that selectively binds to
intercalation sites in the DNA. The cell density in the
sample was 106. Distribution histograms were con-
structed in the ModFit LT 2.0 mathematical software
(BDIS, United States) in order to assess the relative
content of cells at different phases of the cell cycle
(G1/0, S, and G2 + M). A 585/42-nm narrowband fil-
ter was used for PI f luorescence measurements.

Adhesion properties were inferred from the num-
ber (%) of attached cells stained with crystal violet.
The cells used for this experiment were incubated with
CdS quantum dots and the biological matrices used to
synthesize the quantum dots (positive control) in 96-well
plates for 48 h. The cells were subsequently washed
with two changes of PBS, and the attached cells were
fixed in a 70% ethanol solution. The samples were
stained with crystal violet for 15–30 min and then
washed three times in PBS. The dye was dissolved in
dimethyl sulfoxide, and the optical absorption was
measured at a wavelength of 570 nm.

The counting of cells after staining with trypan blue
was used to assess the survival of HeLa cells treated
with CdS nanoparticles. The cells’ ability to survive
was defined as the percentage of living cells after treat-
ment with the nanoparticles compared to the corre-
sponding control (bacterial, fungal, and plant matri-
ces used to synthesize the nanoparticles).

Luminescence microscopy. The cells were incu-
bated with CdS quantum dots for 48 h in order to study
the penetration and intracellular localization of the
nanoparticles synthesized in our study. Cell nuclei
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Fig.1. TEM micrograph of CdS quantum dots (Esche-
richia coli).

20 nm20 nm20 nm

Fig. 2. TEM micrograph of CdS quantum dots (Pleurotus
ostreatus).

50 nm50 nm50 nm

Fig. 3. TEM micrograph of CdS quantum dots (Linaria
maroccana).

20 nm20 nm20 nm
were stained with 10 μL DAPI (4',6-diamidino-2-
phenylindol) in phosphate-buffered saline and glycerol.
The samples were analyzed using an AxioImager M1
fluorescent microscope (Carl Zeiss, Germany)
equipped with a filter for FITC and DAPI. The images
obtained with the DAPI and FITC filters were com-
pared in Isis v. 5.3 software (Meta Systems, Germany).

Statistical analysis was performed using the stan-
dard Statistica 8.0 software. Student’s t-test was used to
compare the mean values for the different samples [14].

RESULTS AND DISCUSSION
Characterization of the synthesized CdS quantum

dots by transmission electron microscopy (TEM). The
TEM method was used to study the morphology and
crystal structure of CdS nanoparticles (Figs. 1–3).
The experiments showed that the quantum dots
obtained by the “green” synthesis method had a
spherical shape, a smooth surface, and a diameter in
the 3–8 nm range that depended on the biological
matrix used for the synthesis. The CdS nanoparticles
obtained were filtered through sterile Millipore filters
for further cytotoxicity studies.

The cytotoxic effect of CdS quantum dots on HeLa
cells. Evaluation of the cytotoxicity of quantum dots is
crucial for the subsequent practical application in bio-
logical and biomedical research. The classical MTT
assay, which provides a characteristic of the metabolic
activity of intracellular enzymes [15], is used for this
purpose. In our study, we analyzed the toxicity of three
types of CdS quantum dots synthesized using matrices
derived from the bacterium E. coli, the fungus P. ost-
reatus, and the plant L. maroccana.

CdS quantum dots obtained using E. coli as a matrix
exerted a significant cytostatic effect. The number of
dead HeLa cells was 2 and 2.8 times higher in the sam-
ples treated with this type of nanoparticles than in the
negative control. The apoptotic index of HeLa cells
was 9.5% after treatment with CdS quantum dots
(E. coli) and 7.5% in the negative control (Table 1).
The CdS quantum dots synthesized using P. ostreatus
exerted an antiproliferative effect: there were 29.2%
less cells in the sample than in the control. Treatment
with CdS quantum dots (L. maroccana) led to inhibi-
tion of the proliferative activity of HeLa cells as com-
pared to the intact tumor cells. The apoptotic, cyto-
static, and cytotoxic effects of nanoparticles were also
detected. The apoptotic and cytostatic effects were
enhanced three and two times over the control,
respectively, when CdS (L. maroccana) was applied.
For instance, the number of dead cells increased to
21% after treatment of HeLa cells with CdS quantum
dots (L. maroccana), and the apoptotic index of HeLa
cells amounted to 17.5% (Table 1).

Cell adhesion molecules play a significant role in
cancer progression and the metastatic process [16].
The capacity for intercellular adhesion, which causes
invasion into the vascular system and the development
of metastases, is an important indicator of the func-
tional state of cancer cells. The decrease of adhesion
capacity of tumor cells appears to correlate with a
decrease in the malignancy of these cells. In this
regard, the adhesion potential of HeLa cells was stud-
CYTOLOGY AND GENETICS  Vol. 53  No. 2  2019
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Table 1. Cytotoxic/cytostatic effects, apoptosis index, and survival capacity of HeLa cells after treatment with CdS quan-
tum dots

*P < 0.05 relative to the control.

Parameters
Intact cells
(negative 
control)

CdS salt
(1.8 mg/mL)

CdS quantum
dots (E. coli)
(1.8 mg/mL)

CdS quantum
dots (P. ostreatus)

(1.8 mg/mL)

CdS quantum
dots (L. maroccana)

(0.6 mg/mL)

Cell number, ×105 2.4 0.1 0.8 1.7 1.9

Change in the cell number, % – 4%* 33.3%* 70.8%* 79.2%*

Living cells, ×105 2.1 0.02* 0.6* 1.6* 1.5*

Dead cells, ×105 0.3 0.08 0.2 0.1 0.4

Living: dead, % 91.3 : 8.7 20.0 : 80.0* 75.0 : 25.0 94.1 : 5.9 79.0 : 21.0
Apoptosis index, % 7.5 45.8* 9.5 8.9 17.5*
ied before and after treatment with CdS quantum dots.
The treatment of HeLa cells with quantum dots
obtained with E. coli and applied at high concentra-
tions (0.9–1.8 mg/L) led to a decrease in the cells’
adhesion potential, with the corresponding parameter
dropping from 70 to 20% (Fig. 4).

The adhesion potential of HeLa cells treated with
cadmium sulfide salt at the same concentration
amounted to 30%. We showed that CdS quantum dots
synthesized using P. ostreatus had a capacity for sub-
stantial reduction of the adhesion potential of HeLa
cells relative to CdS. The study demonstrated a decrease
of the adhesion potential of cancer cells from 55 to 22%
after the exposure to CdS quantum dots (P. ostreatus) at
concentrations of 0.1–1.8 mg/mL. However, CdS salt
applied at the same concentrations did not signifi-
cantly change the adhesion potential of HeLa cells.
The adhesion potential was approximately 29% and
decreased to 25% only when inorganic CdS was used
at high concentrations (Fig. 5). HeLa cells treated with
CdS quantum dots (L. maroccana) at concentrations
from 0.037 to 0.6 mg/L maintained the adhesive capac-
ity at a high level (up to 90%; Fig. 6).
CYTOLOGY AND GENETICS  Vol. 53  No. 2  2019

Fig. 4. Adhesion potential of HeLa cells afte
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The results obtained allow for the conclusion that
treatment with cadmium sulfide salt reduced the adhe-
sion potential of HeLa cells to 25–29%, whereas the
treatment with CdS quantum dots (E. coli) and CdS
quantum dots (P. ostreatus) caused a dose-dependent
decrease in the adhesion potential of cancer cells. For
instance, an increase in the concentration of CdS
quantum dots in the samples was shown to lead to a
decrease in the adhesion properties of HeLa cells
(Figs. 4, 5).

The effect of various types of CdS quantum dots,
which we previously synthesized on different biologi-
cal matrices, on the proliferation of HeLa cells was
also assessed with the MTT assay. A decrease of the
proliferative activity of HeLa cells from 86 to 40% after
treatment with CdS quantum dots (E. coli) taken at
increasing concentrations was observed. The prolifer-
ative activity of the cells treated with inorganic CdS at
the same concentrations varied in the range of 20–
28% (Fig. 7).

Treatment with CdS quantum dots (P. ostreatus)
resulted in dose-dependent inhibition of cancer cell pro-
liferation. Thus, cell proliferation was reduced to 22%
when the concentrations of quantum dots (P. ostreatus)
r treatment with CdS quantum dots (E. coli).
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Fig. 5. Adhesion potential of HeLa cells after treatment with CdS quantum dots (P. ostreatus).
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Fig. 6. Adhesion potential of HeLa cells after treatment with CdS quantum dots (L. maroccana).
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Fig. 7. Level of proliferation of HeLa cells after treatment with CdS quantum dots (E. coli).
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were 0.9–1.8 mg/L. Treatment with cadmium sulfide
salt at these concentrations reduced the proliferative
activity of cells to 23–28% (Fig. 8).
CdS quantum dots (L. maroccana) applied at low
concentrations increased the proliferation of cancer
cells significantly (up to 100%). Proliferative activity
CYTOLOGY AND GENETICS  Vol. 53  No. 2  2019
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Fig. 8. Proliferation level of HeLa cells after treatment with CdS quantum dots (P. ostreatus).
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Fig. 9. Proliferation level of HeLa cells after treatment with CdS quantum dots (L. maroccana).
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of HeLa cells exposed to inorganic CdS varied in the
range of 22–30% (Fig. 9). Thus, the CdS quantum dots
synthesized using E. coli and P. ostreatus were the most
promising, because they reduced the adhesion potential
of HeLa cells and had an antiproliferative effect.

The toxicity of CdS quantum dots towards trans-
formed T and B lymphocytes. The putative toxic effect of
quantum dots on immune cells and their function
remains poorly studied. Therefore, the cytotoxic/cyto-
static effects of the CdS quantum dots (P. ostreatus) that
we synthesized were investigated with transformed
human T- and B-lymphocytes as the target cells and
cadmium sulfide salt as the reference substance. It
should be noted that inorganic CdS has a pronounced
toxic effect on T-cells (MT-4 cell line) (Fig. 10).
According to the results of the MTT assay, the enzyme
activity in the treated cells decreased gradually
depending on the cadmium sulfide concentrations
used. Treatment of T-lymphocytes with inorganic
CdS at concentrations of 0.04–0.3 mg/mL caused a
decrease in enzymatic activity and resulted in inhibi-
tion of cell viability. The proliferative activity of the
cells decreased from 70 to 50% under these conditions.
The cytotoxic/cytostatic effect of CdS quantum dots
(P. ostreatus) on T-lymphocytes of the MT-4 cell line
CYTOLOGY AND GENETICS  Vol. 53  No. 2  2019
was also evaluated at quantum dot concentrations of
2.5–5 mg/mL. We demonstrated that the treatment
with quantum dots led to clustering of T-lymphocytes.
Induction of apoptosis was only detected when the
CdS quantum dots were used at a high concentration
(1.5 mg/mL).

Treatment of cells with quantum dots showed that
the latter were less toxic than inorganic cadmium sul-
fide (Fig. 11). Treatment with quantum dots at low
concentrations (0.015–0.25 mg/mL) had only a slight
effect on the proliferative activity of T-lymphocytes,
which decreased from 88 to 70%. Thus, quantum dots
synthesized using biological matrices did not exert a
significant effect on the viability of T-lymphocytes.
Comparison to the effect of inorganic CdS allows for
the conclusion that the inorganic salt strongly inhib-
ited the proliferative activity of T-lymphocytes, which
was reduced to 50%, whereas the proliferative activity
of cells treated with CdS quantum dots was 70–90%.

The cytotoxic/cytostatic effects of inorganic CdS
and synthesized CdS quantum dots on tumor B-lym-
phocytes (Namalwa phenotype), as well as the effects
on the proliferative potential of the cells, were also
compared. In contrast to T-lymphocytes, inorganic
cadmium ions exerted a strong mitogenic effect on B-



138 GARMANCHUK et al.

Fig.10. Cytotoxic influence of CdS salt on T-lymphocytes.
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Fig. 11. Cytotoxic influence of CdS quantum dots on T-lymphocytes.

0

40

80

120

Control 0.015 0.030 0.060 0.120 0.250
Concentration, mg/mL

Pr
ol

ife
ra

tiv
e 

ac
tiv

ity
, %
lymphocytes. The effect of 0.01–0.3 mg/mL CdS on
the induction of cell proliferation in B-lymphocytes is
illustrated in Fig. 12.

It should be noted that the treatment of B-lympho-
cytes with inorganic cadmium led to an increase in the
proliferative activity of the cells, which was 78–108%
of the value for the intact cells, in the entire range of
concentrations tested. Earlier studies showed that cad-
mium had pleiotropic effects on the immune system.
For instance, cadmium can enhance the monocytic
differentiation of ERK1/2, and this leads to an
increase in the generation of functional monocytes
[17]. Moreover, low micromolar concentrations of
Cd2+ stimulate cell growth and induce certain proto-
oncogenes in some mammalian cell lines [18]. There-
fore, one can assume that inorganic cadmium ions
exerted a stimulating effect on B-lymphocytes in con-
trast to T-lymphocytes.

We showed that treatment of B-lymphocytes with CdS
quantum dots (at concentrations of 0.04–0.45 mg/mL)
obtained with P. ostreatus did not lead to a decrease in
cell proliferation activity, which remained close to 90%.
No cytotoxic effect was observed either, since the pro-
liferative activity of the cells ranged from 76 to 94%
(Fig. 13).

According to the results of the MTT test, no signif-
icant decrease in the enzymatic activity was observed
in the tumor cells. Application of quantum dots at
higher concentrations, namely, 0.45 mg/mL, did not
lead to inhibition of the proliferation of B-lympho-
cytes either. Proliferative activity was approximately
90%. These results are comparable with the data
obtained in studies of the influence of CdS quantum
dots on T-lymphocytes, since the proliferative activity
was also 70–90% in this case.

Fluorescence microscopy of CdS quantum dots. The
successful use of quantum dots for the detection of
tumor-specific biomarkers and cell imaging demon-
strates great potential for their further use in high-
throughput screening, early clinical diagnosis, and
CYTOLOGY AND GENETICS  Vol. 53  No. 2  2019



CDS QUANTUM DOTS OBTAINED BY “GREEN” SYNTHESIS 139

Fig. 12. Cytotoxic influence of CdS on B-lymphocytes.
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Fig. 13. Cytotoxic influence of CdS quantum dots on B-lymphocytes.
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surgery [26, 27]. We also studied the penetration of
CdS quantum dots into HeLa cells and their intracel-
lular localization. For this purpose, HeLa cells were
incubated for 48 h with synthesized CdS quantum dots
(P. ostreatus) at concentrations of 0.1–0.5 mg/mL.
The selective DNA-binding f luorochrome DAPI was
used to stain the nuclei. CdS quantum dots were found
to penetrate easily into cells and fluoresce in the green
spectral range in the cytoplasm (Fig. 14).

We also studied the morphological changes in
HeLa and AGS cells treated with cadmium sulfide and
CdS quantum dots (P. ostreatus). Inorganic cadmium
ions were shown to exert a strong toxic effect as com-
pared to the CdS nanoparticles (Fig. 15). Treatment of
the tumor cells with quantum dots led to a slight aggre-
gation of the cells, but cell shape and structure did not
change. Earlier studies showed that the toxicity of CdS
quantum dots might be associated with the release of
free cadmium ions [19]. The cytotoxicity of chemically
synthesized CdS quantum dots towards isolated
hemocytes and gill cells of the mussel Mytilus gallopro-
vincialis was investigated in [20]. The treatment of
CYTOLOGY AND GENETICS  Vol. 53  No. 2  2019
M. galloprovincialis cells with quantum dots at sub-
lethal concentrations (0.31–5 mg/mL) led to the forma-
tion of reactive oxygen species (ROS), increased catalase
(CAT) activity, DNA damage, increased lysosomal acid
phosphatase (AcP) activity, increased Na-K-ATPase
activity (in gill cells only), and phagocytic activity and
damage to the actin cytoskeleton (in hemocytes only)
[20]. However, cadmium ions were more toxic towards
both cell types than the CdS quantum dots were.

Moreover, another study convincingly demon-
strated the genotoxic and cytotoxic effect of CdS quan-
tum dots on a rainbow trout cell line. The results showed
that chemically synthesized quantum dots had a high
cytotoxicity at concentrations of 10 and 50 μg/mL and
showed a concentration-dependent genotoxicity in
the subtoxic concentration range (0.01–1 μg/mL)
after 24-h treatment [21]. Such concentrations are sig-
nificantly lower than those studied in the present
work. Several studies have suggested that the cytotoxic
effects of quantum dots may be mediated by cadmium
ions released from the quantum dot core and the
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Fig. 14. Visualization of cancer cells after treatment with CdS quantum dots.

(a) (b) (c) (d)

Fig. 15. Morphological features of (a, b) HeLa cells and (c, d) AGS cells treated with CdS quantum dots and inorganic CdS.
(a, c) Treatment with inorganic CdS; (b, d) treatment with CDS quantum dots (P. ostreatus). Quantum dots were applied at a
concentration of 0.45 mg/mL.

(a) (b) (c) (d)
imbalance of the intracellular oxidative status evoked
by these ions [22, 23].

The toxic effect of chemically synthesized CdS
nanoparticles on E. coli and HeLa cells was also stud-
ied [24]. The viability of HeLa cells decreased with
increasing concentrations of CdS nanoparticles, and
the IC50 value for the cells was 4 μg/mL. Altered mor-
phology and the condensation and fragmentation of
nuclei of the treated HeLa cells was demonstrated. A
concentration of 2.5 μg/mL was used to study the toxic
effects of CdS nanoparticles on cell viability, and cell
viability was found to decrease with increasing dura-
tion of treatment. The negative correlation between
reduced cell growth and increased ROS levels suggests
that oxidative stress can be a part of the pathway
whereby CdS nanoparticles induce cytotoxicity in
both prokaryotic and eukaryotic cells [24].

Thus, chemically synthesized CdS nanoparticles
exert cytotoxic effects on living cells at concentrations
significantly lower than the concentrations used in our
study. Capping of the nanoparticle surface with
organic molecules was shown to significantly reduce
the toxicity of cadmium ions [25]. Proteins, enzymes,
secondary metabolites, or other molecules that are an
integral part of the process of synthesis on biological
matrices form a protective layer, which can prevent the
release of cadmium ions and thus significantly reduce
the toxicity of quantum dots. It is important to note
that CdS quantum dots synthesized using E. coli and
P. ostreatus in our previous studies neither had a signif-
icant negative effect in vivo nor exerted a genotoxic
effect on Drosophila melanogaster when applied at a
concentration of 0.45 mg/mL [26].

To summarize the obtained data, we can conclude
that the treatment of different types of tumor cells with
CdS quantum dots leads to different effects. For
instance, the treatment of HeLa cells with quantum
dots led to a decrease in cell proliferation, with the
exception of CdS (L. maroccana), which, on the con-
trary, increased the proliferative activity of the cells.
Treatment of T- and B-lymphocytes with quantum
dots synthesized using P. ostreatus resulted in an
increase of proliferative activity of the cells (70–90%),
whereas the CdS salt reduced the cell viability to 30
(HeLa cells) or 50% (T-lymphocytes) and stimulated
cell proliferation to a level of 108% in B-lymphocytes.
We demonstrated that the quantum dots did not
induce substantial changes in the morphology of
tumor cells. The high brightness and the adjustable
size-dependent narrow peak of luminescence distin-
guish them from the ordinary f luorescent dyes. Due to
the properties mentioned above and the low cytotoxic-
ity, CdS quantum dots can be considered promising
fluorescent probes for the visualization and labeling of
intracellular molecules and structures as well as the
cells themselves.

CONCLUSIONS
Our results suggest that CdS quantum dots synthe-

sized using different (bacterial, fungal, or plant) bio-
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logical matrices exert different effects on tumor cells.
The mechanisms and factors that control the accumu-
lation and toxicity of semiconductor nanomaterials
are quite complex and will be addressed in detail in our
future studies. However, in the framework of this
study, we demonstrated the inherent antiproliferative
activity of CdS quantum dots synthesized using E. coli
and P. ostreatus. These nanoparticles also reduced the
adhesion properties of cancer cells in a dose-depen-
dent manner. On the contrary, the quantum dots syn-
thesized using L. maroccana increased the prolifera-
tive activity and adhesion properties of tumor cells.
Inorganic cadmium showed much greater toxicity
than all three types of CdS quantum dots tested. Treat-
ment of immune cells with quantum dots led to an
increase in the level of lymphocyte proliferation. CdS
nanoparticles did not cause any morphological
changes in the cells studied. We have also shown that
quantum dots can easily penetrate into cells, where
they mainly localize to the cytoplasm, and have high
brightness and photostability. Thus, CdS semicon-
ductor quantum dots synthesized using biological
matrices can be further functionalized and potentially
used as nontoxic f luorescent probes for various kinds
of biological and biomedical studies.
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