7 ROYAL SOCIETY
PP OF CHEMISTRY

Dalton
Transactions

View Article Online

View Journal | View Issue

Synthesis, characterization and evaluation of
aqueous Zn-based quantum dots for
bioapplications+

’ '.) Check for updates ‘

Cite this: Dalton Trans., 2022, 51,
3452

Athina Papadopoulou, 2 ** Nikolaos Chalmpes,® Dimitrios Gournis, © ©
Nikoleta Kostopoulou €2 and Eleni K. Efthimiadou () **°

Semiconducting nanoparticles called quantum dots (Qds) present unique optoelectronic properties
based on their extremely small size, composition, and spherical shape, which make them suitable for use
as diagnostic and theranostic agents in biological samples. The main scope of the fabrication of Qds is
real-time diagnosis, therapy, drug delivery, and in vitro and in vivo tracking, presenting strong resistance to
photobleaching. In this work, quantum dots such as ZnO, ZnSe, ZnS, and doped ZnS:Mn and ZnS : Cd
were developed via a simple sol—-gel synthesis in an aqueous solution. Morphological, structural, and
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optical characterizations were investigated. Moreover, an in vitro biological evaluation of Qds was per-
formed. The results indicate that the photoluminescence is enhanced after doping ZnS Qds with Mn?*
and Cd?*. Qds have been synthesized for use as fluorescent agents for real-time monitoring in bio-
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Introduction

Quantum dots are adjustable nanometer-sized semiconductors,
luminescent nanocrystals, which have found significant appli-
cations in bioanalysis and bioimaging over the last few years.
Some of their characteristics, such as brightness, photostabil-
ity and size dependence, render them useful nanomaterials."
It is known that Qds have longer excited state lifetimes than
organic dyes and resist photobleaching and chemical degra-
dation.” The size dependence is due to quantum confinement.
When the bulk semiconductors are reduced to the nanometer
scale, the nanoparticles become smaller than the exciton
radius, bringing about confinement of energy due to the elec-
tron-hole pair compression.® The pair electron-hole, which is
attracted to each other by the electrostatic Coulomb force, is
called an exciton (Fig. S1T). Consequently, the smaller the Qds
synthesized the more compression of electron-hole pairs
occurs, shifting to a higher energy level (blue shift), while
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larger Qds shift to lower energy levels (red shift), causing
quantum effects on the material.>”

The energy band gap increases when the diameter of the
quantum dots is less than a certain value, which depends on
the type of semiconductor. As a result, the energy band gap
and, therefore, the optical properties of Qds can be adjusted
according to their size.®

Many studies have focused on improving the photo-
luminescence stability of Qds, including different capping
molecules.” The need for stable, monodispersed, and size-
tunable Qds leads to the use of toxic chemicals, such as
organometallic precursors and organic solvents. It is necessary
to develop a new water-based methodology for preparing non-
toxic and bio-friendly materials for bio-applications.®™**

Over the years, scientists have reported how impurities or
dopants can affect nanocrystals by controlling their properties,
especially their optical behaviour. An impurity with one or
more valence electrons can provide extra electrons or holes.
Consequently, these holes or electrons are available as
carriers."?

This work introduces the production of zinc-based Qds
using water as a solvent to decrease the use of toxic reagents in
biosensor synthesis. Briefly, ZnO, ZnSe, and ZnS Qds doped
with Mn*" and Cd*>* were prepared presenting high photo-
stability and overcome the limitations associated with photo-
bleaching. The structural, morphological, and biological
characterization of zinc-based Qds was performed to evaluate
their theranostic applicability. For this reason, we evaluate the
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potential of Qds in biological application, including MTT,
wound healing assay, as well as fluorescence microscopy, for
tracking in cells.

Experimental
Materials

Ethylene glycol (EG), hydrazine and (3-Mercaptopropyl) tri-
methoxysilane (MPTMS) were provided by Sigma-Aldrich.
Diethanolamine (DEA), sodium sulfide, and cadmium acetate
dihydrate were provided by Riedel-de Haén. Manganese(u)
sulfate was provided by Acros Organics, and zinc salts (nitrate
and acetate) were purchased from Alpha Aesar. Potassium
hydroxide (KOH) was obtained from PanReac. Ethanol (EtOH)
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and distilled water were used as received in the experiments.
Moreover, Poly-L-Lysine was provided by Merk and PBS, DMEM
(high glucose), FBS (Fetal Bovine Serum), r-Glutamine and
penicillin-streptomycin 100X were provided by Biosera.
Dimethyl sulfoxide (DMSO) was purchased from Sigma Life
Science and MTT was purchased from Cayman Chemical.

Characterization

UV/Vis spectra were obtained using a spectrometer (V-650,
Jasco). The samples were prepared in distilled water.
Photoluminescence was measured using a spectrometer
(Horiba Jobin-Ybon iHR320, laser He-Cd (325 nm)). Scanning
electron microscopy (SEM) using a Zeiss35 VP microscope with
field emission electron gun (resolution 1.7 nm) 30 kV, coupled
with an energy dispersive X-ray analyzer (EDX) for element
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Fig. 1 AFM images of (a) ZnO, (b) ZnSe, (c) ZnS, (d) ZnS: Mn and (e) ZnS : Cd Qds.
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analysis, using a Philips Quanta Inspect (FEI Company,
Eindhoven, the Netherlands) microscope with a W (tungsten)
filament 25 kV. X-ray diffraction measurements obtained with
a Siemens D 500 powder X-Ray Diffractometer in the 26 range
of 10°-90° at a scan rate of 0.02° min~'. DLS measurements
were obtained using a spectrophotometer (Zetasizer Nanoseries,
Malvern Instruments). Atomic force microscopy (AFM) images
were collected in tapping mode with a Bruker Multimode 3D
Nanoscope (Ted Pella Inc., Redding, CA, USA) using a micro-
fabricated silicon cantilever type TAP-300G, with a tip radius of
<10 nm and a force constant of approximately 20-75 N m™".
Absorbance values of MTT were obtained using an ELISA
Microplate Reader (Biobase — EL10A). In addition, images of
quantum dots were captured using a fluorescence microscope
(OMAX Trinocular Compound EPI, M834FLR).

Synthesis of ZnO Qds

Synthesis of ZnO Qds was based on the protocols of Ghorbani
and Fu, with some modifications.">'* Zinc nitrate (37 mg,
0.124 mmol) was dissolved in 25 ml of distilled water, and
then DEA (12.5 ml, 5 mM, 0.125 mmol) was added to the solu-
tion. In addition, 30 pl of OA was added to the mixture under
vigorous stirring at room temperature. The temperature was
increased to 90 °C for 2 h until the formation of Qds. A

Table 1 Z-Range in nm of the synthesized Qds
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different synthetic route for ZnO QdS was the mixing of zinc
nitrate (0.595 g, 0.2 M) and KOH (0.224 g, 0.4 M) in aqueous
solution under continuous stirring at room temperature. The
as-prepared solution was centrifuged at 5.000 rpm for 30 min
and washed with ethanol. The product was then calcined at
600 °C for 5 h.

Synthesis of ZnSe Qds

Synthesis of ZnSe Qds was based on the work of
Senthilkumar'® with modifications. Zinc acetate (1.2 g,
5.4 mmol) was added to 100 ml of distilled water. EG (60 ml),
hydrazine (40 ml), and elemental selenium (0.018 g) were
added to the solution. The solution was refluxed overnight at
90 °C. The mixture was centrifuged and washed several times
with ethanol, at 5.000 rpm for 5 min. The product was then

dried at 50 °C for 6 h.

Synthesis of ZnS, ZnS : Mn and ZnS : Cd Qds

Synthesis of ZnS and ZnS doped with Mn>" and Cd*" Qds
was based on the idea of Li and Bwatanglang,'®'” with some
modifications. Firstly, zinc nitrate (0.0605 g, 0.32 mmol),
MPTMS (120 pl, 0.64 mmol), and Na,S (209 pl, 5 mmol) were
dissolved separately in deionized water in a sonic bath. The
reagents were then added to 50 ml of water. The pH of the
solution was fixed by adding tetramethylammonium hydroxide
(TMAH). The solution was stirred overnight at 90 °C under N,.
The same synthesis was followed for ZnS Qds doped with Mn**
and Cd*'. Manganese(n) sulfate (0.033 g, 0.2 mmol) and

ds Z Range (nm .
Q ge (nm) cadmium acetate (0.053 g, 0.17 mmol) were added to the
Zno 7-11 above solution to form ZnS : Mn and ZnS : Cd Qds, respectively.
égge 3'2_6'5 The pH of the solution in the case of ZnS, ZnS : Mn Qds was 12
7nS : Mn 6-10 and in the case of ZnS:Cd Qds was 8. The synthesis of
ZnS:Cd 8 ZnS : Mn Qds occurred at room temperature.
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Fig. 2 X-ray diffraction (XRD) pattern of the ZnO, ZnS, ZnS : Mn, ZnS : Cd and ZnSe Qds.

3454 | Dalton Trans., 2022, 51, 3452-3461

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1dt04021a

Open Access Article. Published on 10 2022. Downloaded on 16.10.25 4:37:32.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

Results and discussion
Morphological characterization

Atomic force microscopy (AFM). Qds’ structure and mor-
phology were investigated by atomic force microscopy (AFM).
Representative AFM images deposited on a Si wafer by drop
casting from aqueous dispersions are presented in Fig. 1, con-
firming the presence of spherical Qds. The size distribution of
all nanostructures, as evaluated by AFM, was in the range of
4.2 to 11 nm. The exact sizes of each Qd are summarized in
Table 1.

X-Ray diffraction analysis (XRD). The crystalline structure of
Qds was studied by X-ray diffraction measurements obtained
with a powder X-Ray Diffractometer 26 range of 10°-90°, at a
scan rate of 0.02° min~'. The XRD pattern of the ZnO, ZnS,
ZnS :Mn, ZnS: Cd and ZnSe which were prepared in aqua solu-
tion is shown in Fig. 2. All peaks can be indexed to ZnO wurt-
zite structure compared with the standard JCPDS (code no: 00-
036-1451)."® ZnS Qds at 20 values match perfectly with the
(111), (200), (220), (311), (400) and (331) crystalline planes of
the face centered cubic structure compared with the standard
JCPDS (code no: 65-1691). ZnSe X-ray diffraction pattern shows
a characteristic pattern which corresponds to the (111), (200),
(220) and (311) planes respectively matched with (cubic) zinc
blende structure of ZnSe nanostructure (JCPDS code no: 37-
1463 and 80-0021).">*° The XRD measurement of ZnS:Mn
reveals that has Zinc blende structure, having planes (111),
(200), (220) and (222). The cubic phase of the crystals is in
agreement with standard JCPDS."* The peaks of ZnS: Cd show
a cubic zinc blende structure, having planes (100), (111), (200),
(102), (220) and (311).">*"**

Energy dispersive X-Ray (EDAX). Quantitative elemental ana-
lysis of ZnO, ZnSe, ZnS, ZnS:Mn, and ZnS:Cd Qds was

zn Q) zn D)

ZnSe
Zno 7e
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carried out using EDAX. In Fig. 3, the X-ray spectra for the
qualitative analysis of Qds coincide with the AFM results.
According to the results, we confirmed the presence of each
element in Qds.

The chemical compositions of ZnO, ZnSe, ZnS, ZnS: Mn,
and ZnS: Cd Qds were analyzed using EDX. The EDX patterns
of nanoparticles are shown in Fig. 3 and the related data such
as the wt% of Qds elements are listed in Table 2. The results
verify the purity of nanoparticles.

Dynamic light scattering (DLS). The size of semiconductor
nanocrystals in water was determined by DLS. A detailed ana-
lysis of the acquired DLS size and zeta is shown in Fig. 4, and
the values are summarized in Table 3.

Table 2 Energy-dispersive X-ray spectroscopy (EDX) data of ZnO,
ZnSe, ZnS, ZnS : Mn, ZnS : Cd nanoparticles

ZnS:Mn

. Zn Mn 2n
c . : ‘ - A

200 400 “o0 s00 1000

Qds Element wt%
ZnO 7Zn 21.53
(0] 78.46
Total 100
ZnSe Zn 47.05
Se 52.94
Total 100
ZnS Zn 38.59
S 61.40
Total 100
ZnS : Mn Zn 32.94
S 48.52
Mg 18.53
Total 100
ZnS: Cd Zn 20.60
S 40.18
cd 39.21
Total 100
C) s
ZnS
Zn
Se o
N .
= Ao~

s00 1000

Fig. 3 X-ray spectra (EDAX) for qualitative analysis of (a) ZnO, (b) ZnSe, (c) ZnS, (d) ZnS : Mn, and (e) ZnS : Cd Qds.
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Fig. 4 DLS measurements by Number; (a) ZnO Qds, (b) ZnSe Qds, (c) ZnS Qds, (d) ZnS : Mn Qds and (e) ZnS : Cd Qds.

Based on the above-mentioned results (Fig. 4), the hydro-
dynamic diameter (Dh) is noticeably larger than the diameter
in solid state, through AFM measurements. This increment
can be attributed to the inter- and intra-molecular interactions
of the "OH groups of the metallic surfaces and also with water
molecules. The zeta potential in all cases ranges between
—13.7 mV and —45,9 mV supporting their excellent colloidal
stability. Table 3 summarizes the size (Dh, nm) and zeta poten-
tial values, as well as the polydispersity index (PdI).

Optical properties. In the following comparative PL spectra
of Qds (Fig. 5b), we observe an intensity enhancement of the
ZnS emission peak after the enrichment of Qds with Cd*".
Additionally, the comparative UV/Vis spectra of Qds (Fig. 5a)
have a range of Apax 247-270 nm. Tables 4 and 5 show Ay,
energies along with the Stokes shift of Qds. According to our

3456 | Dalton Trans., 2022, 51, 3452-3461

PL measurements, a red shift was observed owing to the differ-
ence between the absorption and emission energies of Qds.
This shift indicates lattice distortions and interface
defects.”>?*

In vitro biological evaluation

In vitro cytotoxicity study (MTT). The cytotoxicity of Qds was
evaluated using the MTT assay, an established colorimetric
method. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) is a yellow tetrazole that can be reduced to
purple formazan crystals in living cells by cellular reductase. A
purple solution can be formed by the dilution of formazan
crystals in DMSO. Solution absorbance was measured at
540 nm using a spectrometer (reference 620 nm).

This journal is © The Royal Society of Chemistry 2022
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Table 3 DLS data of size and zeta potential

Qds Size (d, nm) PdI Zeta potential (mV)
ZnO 518.6 0.470 —21.8 £ 6.64

ZnSe 250 0.347 —-37.6 £12.6

ZnS 93 0.629 -36.3

ZnS :Mn 779.6 0.648 —13.7 £8.59

ZnS: Cd 121 0.648 —45.9 £ 6.57

MCF-7 (breast cancer cells), HeLa (cervical cancer cells),
and HEK 293 (human embryonic kidney cells) were used in
this study. Cells were cultivated in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with r-glutamine (2 mM),
penicillin/streptomycin (100 U mL™" penicillin, and 100 pg
mL ™" streptomycin [PAA]), and 10% v/v fetal bovine serum at
37 °C in a 5% CO, atmosphere.?

The assay was performed in 96-well plates, and 10" cells were
seeded per well and cultured for 24 h. Qds solutions were added
(100 pl per well) in triplicates at five concentrations (100, 50, 25,
10 and 1 pM). After a 24 h incubation (37 °C, 5% CO,, 95% air
humidified atmosphere), the growth medium was removed and
100 pl of MTT solution in PBS (1 mg ml™") was added to each
well. The cells were incubated further for 4 h to precipitate for-
mazan crystals. DMSO (100 pl) was added to each well to dis-
solve the formazan crystals. Finally, absorbance was measured
using an ELISA microplate reader (Biobase, EL10A). The results
expressed as percentages of viability compared to the control are
shown in Fig. 6. Qds, except for ZnSe, exhibited no significant
cytotoxicity, even at the highest concentration of 100 uM after
24 h experiment.”® ZnSe Qds are more toxic in both control and
cancerous cells (60-80% toxicity) and this profile can be attribu-
ted to Se participation into nanocrystals. The other Qds
observed almost 25% toxicity at 100 pM. It is worth mentioning
that ZnS: Cd Qds do not express toxicity in all cell lines indicat-
ing that the Cd percentage in them, which is one of the most
toxic metallic anion, do not affect the cell viability.

Wound healing assay. HeLa cells were treated with Qds and
analyzed using a wound healing assay. Introducing an artificial
scratch on a cell monolayer can provide information about the

ZnO@OA
Zn0
ZnS

——2ZnS:Mn
310 ——2ZnS:Cd
ZnSe

Absorbance

0,0+ T : T T T
200 300 400 500 600
Wavelength (nm)

Fig. 5 Characterization of Qds, (a) UV/Vis spectra; (b) PL spectra of Qds.
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rate of wound closure, which indicates the speed of cell
migration.”” Cells were cultivated in Dulbecco’s modified
Eagle’s medium (DMEM), which firstly prepared with
r-glutamine (2 mM), penicillin/streptomycin (100 U mL~" peni-
cillin, and 100 pg mL ™" streptomycin [PAA]), and 10% v/v fetal
bovine serum. Then the cultivation incubated at 37 °C in a 5%
CO, atmosphere. The experiment was performed in 6 well
plates, where cells were seeded and cultured until confluency.
The wound area was calculated using the Image] software. The
experiment was terminated after a 24 h healing process, when
total closure in the control sample was observed. The wound
area was calculated using the following equation:

Wound healing % = (At-oh — At-xn /At-on) X 100.

where A, is the measure of the initial wound area and A, is
the area of the wound measured x h after the scratch was
made.>®

In order to evaluate the toxic profile of our metallic Qds
prepared using an eco-friendly methodology, we investigated
the inhibition of wound closure by calculating indirectly the
inhibition of cell proliferation and migration. HeLa cells were
seeded in 6 well plate (one well served as a control) and 3 ml
of culture medium were added after the wound was made
using a sterilized tip. Moreover, 3 ml of culture medium in the
presence of 100 pM Qds were introduced into the other
wells.?® The closure after 24 h of treatment with Zn-based Qds
was found to be incomplete, in contrast to ZnS:Mn and
ZnS:Cd (both are similar to the control experiment). The
results presented in Fig. 7 and 8 lead to the conclusion that
ZnSe QDs are more toxic than ZnS and ZnO, respectively.
Other types of Qds were not toxic. These results were in agree-
ment with the MTT assay results.

Fluorescence microscopy in cells. Cellular uptake of ZnO,
ZnSe, ZnS, ZnS : Mn, and ZnS: Cd Qds was investigated using a
fluorescence microscope (OMAX Trinocular Compound EPI,
M834FLR model, 4x objective). HeLa cells were grown on
22 mm cover slips placed into six-well culture plates for 24 h,
with 1.5 mL of culture medium. The cells were then incubated
with the samples at 37 °C, in a 5% CO, atmosphere, for 1 h.
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Table 4 Absorption energy and Amax of Qds

st lmax (1’11’1’1) Eabsorption (eV)
ZnO@OA 270 4.59
ZnO 270 4.59
ZnS 247 5.02
ZnS :Mn 255 4.86
ZnS: Cd 265 4.68
ZnSe 270 4.59

Table 5 Absorption Energy, Amax and Stokes shift of Qds

Qds Amax (NM) Eemission (€V) Stokes shift (eV)
ZnO@OA 597 2.07 2.52
ZnO 618 2 2.59
ZnS 517 2.4 2.62
ZnS :Mn 600 2.07 2.79
ZnS:Cd 595 2.09 2.59
ZnSe 548 2.26 2.33

The process followed was based on a standard protocol.>”*°

The cells were washed twice with PBS, fixed with 10% formal-
dehyde in PBS, and then coverslips were placed on microscope
glass slides. Fluorescent images of Qds in the cells are shown
in Fig. 9.

Cellular interactions with Qds were studied using HeLa
cells after 1-hour incubation. According to the analysis, Qds
showed different profiles of uptake and localization in the
intracellular environment based on their composition. Zn is a

View Article Online
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Fig. 7 Wound healing assay on Hela cells treated with Qds at t = 0,
24 h.

common ingredient in Qds, and its fluorescent intensity
(Fig. S2t), uptake, and localization is based on the combi-
nation of composed elements. As shown in Fig. 9, the fluo-
rescent signal was detected on cell membrane, in the cyto-
plasm and perinuclear region, confirming the significant
intracellular uptake of Qds. In detail, most of the detected Qds
had diffuse cytoplasmic localization. Focusing on each Qd, we
can see that cells incubated with ZnO and ZnS emit stronger
fluorescent signals, indicating that higher concentrations are
localized mainly on the cell membrane and internalized into
the cytoplasm (Fig. 9b and d). ZnSe Qds were also observed in
the cytoplasm and nucleus (Fig. 9¢). ZnS:Mn and ZnS:Cd

HelLa Qds
a) b) MCF-7 Qds
100
#ZnS Qds 100 1
80
:—? = ZnS:MnQds 2 80 1 = ZnS Qds
o2 = .
g sznsicdQds 8 60 - = ZnS:Mn Qds
% : = ZnS:Cd Qds
o 40 zmoads T 4
* 2 ZnO Qds
° 20 - =Qds ZnSe =
ek = ZnSe Qds
0 o
1 10 25 50 100 1 10 25 50 100
C (ug/ml) C (ug/ml)
HEK 293 Qds
c)

% Cell Viability

1 10 25
C (ug/ml)

= ZnS Qds

® ZnS:Mn Qds

% ZnS:Cd Qds
ZnO Qds

= ZnSe Qds

50 100

Fig. 6 MTT assay in cancer cells (a) MCF-7, (b) HeLa and control cells (c) HEK 293.
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Fig. 8 Representative images for each experimental condition, at time points 0 h and 24 h after wound introduction, are presented (magnification
%20). Percentages indicate the wound closure. Scale bars correspond to 0.1 mm.

Fig. 9 Cellular uptake in Hela cells treated with (a) control, (b) ZnO, (c) ZnSe, (d) ZnS, (e) ZnS : Mn and (f) ZnS : Cd Qds. Scale bars correspond to

1pm.

were both observed in the cytoplasm, with the first exhibiting
enhanced fluorescent properties (Fig. 9e and f).

Conclusion

In conclusion, we synthesized Zn-based Qds doped with Cd**
and Mn**, improving their fluorescence properties for in vitro
and in vivo applications. First, Qds synthesized in aqueous
solutions decrease the use of toxic materials in biosensor syn-
thesis. The structure and morphology of Qds were determined
by atomic force microscopy (AFM), confirming the presence of
spherical Qds. In addition, the purity and crystallinity of Qds
were determined by XRD analysis. The chemical compositions
of them were analyzed using EDX. The size distribution of all
nanostructures, as evaluated by AFM, was 4.2-11 nm.
Cytotoxicity of Qds was estimated using the MTT assay.
HeLa, MCF-7, and HEK 293 cell lines were treated with Qds for
24 h and the results are expressed as the percentage viability of

This journal is © The Royal Society of Chemistry 2022

the cells. A wound healing assay was used to determine the
inhibition of cell proliferation and migration indirectly. ZnSe
Qds were found to be more toxic than ZnS and ZnO. Other
types of Qds were not toxic. In vitro uptake characteristics of
Qds in HeLa cells were studied using fluorescence microscopy.
In vitro studies have shown non-specific cellular uptake and
localization. According to our results, regarding the physico-
chemical and internalization properties of Qds, we strongly
suggest that Qds can evolve into an important tool for bio-
medical and therapeutic applications.
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