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Abstract
The purpose of the presented work was to modify the surface of core/shell-type  CdSexS1–x/ZnS quantum dots (QDs) with an 
anticancer drug to form bifunctional nanoconjugate for imaging and drug delivery. 6-Thioguanine (6-TG) which is used to 
treat acute myeloid and lymphoblastic leukemia was applied for this aim. The modification of the nanocrystals was carried 
out using a biphasic method, based on transferring of QDs from the organic phase to the aqueous one with the simultaneous 
exchange of hydrophobic ligand to the hydrophilic one. To enable a complex evaluation of 6-TG bioactivity, the surface 
of quantum dots was also modified using mercaptoacetic acid (MAA). Mercaptoacetic acid was chosen as a biologically 
neutral ligand; so, it was possible to evaluate the effect of nanocrystals toxicity without the participation of the drug (6-TG 
ligand versus neutral ligand). Moreover, the effect of 6-TG itself on cells was also studied. The studies were carried out on 
three cell lines: K562 (human myeloid leukemia), A549 (human lung cancer cells) and MRC-5 (normal human lung cells). 
Evaluation of the cytotoxicity of nanostructures, at various concentrations, was carried out after 24- and 48-h incubation of 
the cell culture with nanoparticles/drug solutions. MTT and the Alamar Blue assays were used to determine cell viability. 
Based on the cytotoxicity measurements, it was found that quantum dots modified with 6-TG are more toxic than the drug 
itself or QDs modified with 3-mercaptoacetic acid. Images taken using fluorescence and confocal microscopy allowed to 
define the location of examined QDs inside cells.
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Introduction

Quantum dots (QDs) are inorganic semiconductor nanocrys-
tals, consisting of 100–1000 of atoms belonging typically 
to groups II and VI or III and V (e.g. InP, InAs) of the 
periodic table (e.g. CdSe, CdTe) (Zrazhevskiy et al. 2010). 
They are typically characterized with a diameter between 
2 and 10 nm, which is close to the exciton Bohr radius 
(electron–hole distance). This results in quantum confine-
ment effects which influence the optical properties of QDs 
(as fluorophores)—the maximum of absorption and emis-
sion wavelength is shifted to the blue region as an effect of 

reducing of QDs size (Bera et al. 2010; Bruchez 1998). The 
smaller is the diameter of QD (band gap energy increases), 
the light of higher energy is emitted (shorter wavelength). 
Thus, the size of the QDs is a key factor that determines the 
color of their fluorescence. Photoluminescence emission can 
occur in a wide spectrum of colors (from UV to the infrared 
region) and can be tuned by changing the QDs diameter. 
The wavelength of emitted fluorescence is also influenced 
by the chemical composition of both the core and the shell 
(if present). In general, QDs are characterized by: narrow 
emission peaks, wide absorption bands, high photolumines-
cence quantum yields and relatively large Stokes shift value 
(Gutiérrez-Lazos et al. 2012; Yeon Woo et al. 2012).

Taking into account the QDs structure, they can be 
divided into three groups: core, core/shell and core/multi-
ple shell QDs. Shell used as coating material for the core 
has usually higher bandgap energy than the core material 
(Antonello et al. 2011; Gao 2011). The presence of this 
coating is significant because it improves the optical prop-
erties of the quantum dots, protects against degradation in 
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the cellular environment (core passivation reduces nanopar-
ticles sensitivity to environmental condition changes) and 
also reduces QDs toxicity (reduces metal ion leakage from 
the core). It should be noted that the surface of QDs can 
be modified with different types of ligands. The choice of 
appropriate ligand is a crucial parameter because the ligands 
affect stability, dispersibility and water solubility of QDs 
(Abdul Ghani et al. 2014). Despite the impact on the physi-
cal and chemical parameters, ligands can also influence QDs 
interaction with cells or living organisms (Biju et al. 2010; 
Jin and Hildebrandt 2012; Karabanovas et al. 2014). There-
fore, the applied ligands often determine the applicability of 
these nanoparticles; for instance for biological or medical 
purposes, the ligands have to be carefully selected (Abbasi 
et al. 2015; Azzazy et al. 2007; Smith et al. 2008).

Therapeutic applications of nanoparticles (NPs) are very 
diverse. One of them is the treatment of cancer (Li and Pu 
2019; Mottaghitalab et al. 2019; Xiao et al. 2019). Some 
chemotherapeutic drugs have already been successfully 
attached to the surface of nanoparticles. Examples of such 
drugs can be: doxorubicin, paclitaxel, etoposide and carbo-
platin (Nanjwade et al. 2010; Nehate et al. 2014; Singla et al. 
2002; Xia et al. 2018). Due to the interesting properties of 
6-TG, such as inhibiting purine synthesis, disrupting DNA 
synthesis and inducing cell apoptosis, we decided to use it 
for the modification of  CdSexS1–x/ZnS surface. Since 1988, 
when G.H. Hitchings, J.W. Black and G.B. Elion received 
the Nobel Prize in physiology and medicine for formulating 
significant principles of pharmacological treatment of tumor 
(especially guidelines for chemotherapy) and creating a new 
generation of anticancer drugs (among others 6-TG), 6-TG 
remains the object of a of great interest. This compound 
belongs to a thionucleobases group which are an important 
class of FDA-approved, antimetabolite-type anti-cancer 
drugs, but their administration is not free of side effects. 
Sulfur atom present in thiopurines’ structure exhibits high 
affinity towards sulfhydryl moieties of biogenic thiols and 
plasma proteins, which reduces the effectiveness of therapy 
and biological lifetime (Aghevlian et al. 2013). It was also 
proven that long-term treatment with purine analogues in 
combination with sun exposure leads to substantial (50–200-
fold) increase of skin cancer morbidity (Wang et al. 2016). 
The issue of UVA-induced oxidation side reaction of thio-
purines to mutagenic and cytotoxic guanine-6-sulfonate is 
one of the most important limitations of 6-TG implementa-
tion in biological systems (Zou et al. 2013). To overcome 
dose- and phototoxicity-dependent side effects associated 
with the use of thiopurine drug family, several approaches 
were developed, including administration in the form of 
metal–drug complexes (Chalmers et al. 1972) and nanopar-
ticle-based platforms for enhanced delivery for chemothera-
pies (Sleightholm et al. 2011; Wang et al. 2016). The conju-
gation of 6-TG to nanocarrier can help to partially eliminate 

several limitations affecting low concentration of bioactive 
form, such as poor availability after oral administration, fast 
renal clearance after intraveneous administration and severe 
side effects e.g. myelosuppression. It was reported that the 
protection of sulfur-containing moiety improves pharma-
cokinetics of 6-TG, modifies its photochemistry and thus 
substantially diminishes photosensitization ability of this 
compound (Zhang et al. 2011). Nanoparticles are considered 
as an attractive carrier due to their size-dependent, preferen-
tial accumulation in tumor sites caused by EPR effect related 
with increased permeability of tumor tissues. Such factors 
improve total antiproliferative activity of 6-TG drug. Wang 
et al. described the methodology of photophysical and pho-
tochemical properties modification of 6-TG by its loading 
onto gold nanoparticles which resulted in the impairment 
of the 6-TG-triggered DNA oxidative damage (Wang et al. 
2016).

In the current work, there were obtained two kinds of 
QDs  (CdSexS1–x/ZnS–6-TG and  CdSexS1–x/ZnS–MAA) 
and this way, we were able to check the impact of the drug 
bound to the nanoparticles on human cells (in vitro stud-
ies). To quantitatively evaluate the influence of attachment 
of chemotherapeutic to QDs surface on its cytotoxicity, 
biological activity of such modified QDs and 6-TG solu-
tions was examined. The modification of nanocrystals was 
conducted using the interphasic transfer method, based on 
a migration of QDs from organic to aqueous phase together 
with simultaneous replacement with of hydrophobic ligands 
to hydrophilic 6-TG. The optical properties of prepared 
nanocrystals were examined using spectrophotometry and 
spectrofluorimetry. The tests of viability were performed on 
three selected human cell lines: K562 (myeloid leukemia), 
A549 (lung cancer cells) and MRC-5 (normal lung cells). 
Moreover, the morphology of cells and QDs distribution 
based on the microscope images after the incubation with 
modified QDs was examined.

Materials and methods

Materials

CdSexS1–x mixed-core-type nanocrystals coated with ZnS 
and stabilized with oleic acid (6-nm diameter, solution in 
toluene, λem = 630 nm) were purchased from Cytodiagnos-
tics (Burlington, Canada). 6-thioguanine and mercaptoacetic 
acid were purchased from Sigma Merck (Poznań, Poland). 
Other chemicals used throughout QDs modification were all 
purchased from Sigma to Merck or Thermo Fisher GmbH—
formerly Alfa Aesar (Karlsruhe, Germany) and used as 
received. Milli-Q water (resistivity ≥ 18 MΩ cm) was used 
throughout preparation of all solutions and buffers unless 
stated otherwise.
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Phosphate-buffered saline (PBS), Minimum Essential 
Medium Eagle (MEME), antibiotics (penicillin and strep-
tomycin), calcein AM, MTT reagent, MEM Non Essential 
Amino Acids Solution, RPMI 1640 medium, l-glutamine 
were purchased from Sigma Aldrich. Medium MEME with-
out phenol red, Tryple Express, fetal bovine serum (FBS) 
and trypan blue were purchased from Life Technologies. 
Chloroform, ethyl alcohol 96% solution, sodium hydroxide 
were purchased from POCh. We also used ethanol 70% (for 
sterilization) from Linegal Chemicals, mercury(II) sulphate 
from Merck and dimethyl sulfoxide (DMSO) from ChemPur. 
BBS buffer pH 9.0 and 0.2 M acetate buffer pH 4.6 were also 
used in QDs studies.

Cell lines

Human cell lines were used in our studies: A549 (adeno-
carcinomic alveolar basal epithelial cells), MRC-5 (fibro-
blasts derived from lung) and K562 (chronic myelogenous 
leukemia). The adherent MRC-5 and A549 cell lines were 
collected from European Collection Cell Cultures, K562 
suspension cells were purchased from Sigma Aldrich.

Cell culture

The A549 cells were grown in Minimum Essential Medium 
Eagle supplemented with 10% of fetal bovine serum, 1% vol-
ume of 25-mM l-glutamine, 1% volume of 100-mM penicil-
lin and streptomycin. The same culture medium containing 
0.01% amino acid solution was used for MRC-5 cells. The 
K562 cells were grown in RPMI 1640 medium containing 
10% volume of fetal bovine serum, 1% volume of 25-mM 
l-glutamine, 1% volume of 100-mM penicillin and strepto-
mycin. Cell cultures were incubated at 37 °C and 5%  CO2 
in a humidified atmosphere. Cells were sub-cultured when 
cell culture reached 90–100% of confluence (it was about 
three times a week).

Modification of QDs with 6‑TG and MAA ligands 
and QDs purification

The hydrophilization of QDs surface was accomplished by 
means of ligand exchange procedure in biphasic system with 
the use of 6-TG as a capping agent. Briefly, 2 mL of QDs 
suspension in toluene was fourfold diluted with absolute 
ethanol, followed by centrifugation (15 min × 15,000 rpm) 
to remove primary solvent. Then, the obtained pellet was 
resuspended in 2 mL of chloroform. 10-mM aqueous solu-
tion of TG was prepared by addition of respective amount of 
solid and further alkalization of the mixture with 1-M tetra-
methylammonium hydroxide (TMAH), which is required 
to enhance 6-TG solubility. The pH of this solution was 
adjusted to 11.4 with TMAH. 2 mL of as obtained aqueous 

6-TG solution in glassy vial was purged with a stream of 
nitrogen and then combined with an aliquot of chloroformic 
QDs solution in the absence of air. The biphasic system was 
vigorously shaken at room temperature and in the absence 
of light until bottom phase (chloroform) became colorless 
(average time—12 h). Water-soluble QDs (upper phase) 
were subjected to purification by dialysis against 1.5 L of 
1-M borate buffer containing 15 mM NaCl (pH 9.0). The 
dialysis was performed in tubing made of benzoylated cel-
lulose (MWCO = 2 kDa, Sigma–Merck) for 3 h. To remove 
fraction of aggregates and particulate matter, dialyzed QDs 
were centrifuged (10 min × 5000 rpm) and the reddish super-
natant was filtered using a syringe filter made of regener-
ated cellulose, pore size = 0.22 µm (Filtrakon, Poland). 
As obtained, 6-TG-coated quantum dots (QD–6-TG) were 
stored in 4 °C in the darkness and used for biological studies. 
No signs of precipitation were observed for at least 4 weeks 
of storage. To obtain MAA-capped  CdSexS1–x/ZnS QDs, the 
procedure described in our previous report was exploited 
(Kalinowska et al. 2018).

Concentration of quantum dots and 6‑TG‑analysis 
of  Cd2+ and 6‑TG content in QD–6‑TG samples

To quantitatively evaluate the contribution of both 
nanocrystals and cytotoxic drug used as nanocrystal cap-
ping ligand to overall cytotoxic effect, the concentra-
tion of two most toxic agents (cadmium ion and 6-TG) 
in QDs sample was determined. To release  Cd2+ and 
free 6-TG from nanoconjugates, QDs were dissolved 
in 2-M hydrochloric acid (100 µL of QDs + 900 µL of 
acid). The obtained mixture was sonicated for 20 min to 
finalize acidic digestion of nanocrystals. Cadmium ion 
was determined by means of anodic stripping voltam-
metry according to methodology described in our pre-
vious reports (Kalinowska et al. 2018). The method of 
multiple standard addition (min. four addition per each 
measurement) was applied. To calculate average cadmium 
content in QDs sample, at least four independent replica-
tions were made. DPSV measurements were carried out 
with the use of CHI 1040A electrochemical workstation 
(USA). Three-electrode system consisting of glassy car-
bon disk electrode (as mercury film electrode substrate), 
Ag/AgCl/3 M KCl (reference electrode) and gold wire 
(auxiliary electrode) was applied. 0.2-M acetate buffer 
pH 4.6 containing 100-µM  HgSO4 was used as a support-
ing electrolyte. Supporting electrolyte was purged with 
nitrogen prior to use and blanketed with nitrogen stream 
during electrochemical measurements to avoid reabsorp-
tion of oxygen. The applied parameters were as follows: 
cadmium deposition potential − 0.9 V, cadmium depo-
sition time = 1 min, stripping potential range − 0.75 to 



86 Applied Nanoscience (2020) 10:83–93

1 3

− 0.4 V, DPSV amplitude = 25 mV, pulse time = 0.02 s, 
increment 0.04 V, period = 0.04 s, quiet time = 10 s. The 
exemplary voltammograms and standard addition curve 
are depicted in Fig. 1a.

Free 6-TG was determined spectrophotometrically 
(λmax 6-TG = 348 nm) after appropriate dilution of acid-
dissolved QDs sample with 2-M HCl. A set of 6-TG 
solutions of various concentrations in 2-M hydrochloric 
acid was used for the calibration curve preparation (see 
Fig. 1b). The determined concentrations of cadmium ion 
and 6-TG were required to prepare appropriate dilutions 
of QD–6-TG and 6-TG administered to cell lines.

Physicochemical properties of QDs after surface 
modification

Registration of UV–Vis absorption spectra was accom-
plished using Lambda25 Perkin-Elmer spectrophotometer 
(USA) and quartz cuvettes of path length = 1 cm. Photolu-
minescence absorption spectra were captured with fluores-
cence spectrophotometer Fluoromax 3 Horiba Jobin–Yvon 
(France) at excitation wavelength of 488 nm (slit widths for 
emission and excitation = 2 nm) in quartz cuvettes (path 
length = 1  cm). Tracking the changes in hydrodynamic 
diameters (before and after ligand exchange) as well as 
zeta-potential measurements were carried out using Mal-
vern Zetasizer Nano ZS instrument (UK), equipped with 
He–Ne laser (wavelength = 632.8 nm, power = 5mW) and 
fluorescence attenuator. DLS measurements were conducted 
in quartz microcuvettes of volume 50 µL (Hellma). Zeta 
potential was determined using universal dip cell in dispos-
able PS cuvettes.

QDs cytotoxicity evaluation using MTT test

MTT is a colorimetric test used for in vitro evaluation of the 
viability of cells. We used this test for analysis of adherent 
cells (MRC-5 and A549) after incubation of the cell culture 
with quantum dots/drug solutions. This test is based on a 
reduction of tetrazolium salt (MTT, 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide) to formazan by 
dehydrogenases, which are present in the mitochondria of 
living cells. The amount of the formed colored formazan is 
proportional to the number of living cells and is typically 
determined by absorbance measurements. The cytotoxicity 
test takes 3–4 days, depending on the time of incubation 
with nanoparticles (24 h or 48 h). At the beginning, cell 
suspensions of appropriate density (1.5 × 105 for A549 and 
2 × 105 cells/mL for MRC-5) were prepared and 100 µl of 
such suspension was placed to each well of 96-well plate. 
After 24 h (cell attachment to surface of the well plate was 
observed) medium was removed and 100 µl of solutions of 
QD–6-TG/6-TG (prepared in MEME culture medium with-
out phenol red) were placed to each well. The applied con-
centrations of modified quantum dots (QD–6-TG and QD-
MAA) were as follows: 5, 25, 50, 75, 100 µM. Moreover, 
the response of the cells to the increasing concentrations of 
6-TG: 15, 75, 150, 225, 300 µM was checked in our tests. 
The used 6-TG concentrations corresponded to the amount 
of drug attached to the surface of the nanoparticles. The 
control sample for each cell line–cell culture with medium 
without QDs or drug was also prepared. Incubation at 37 °C, 
in a humidified atmosphere (5%  CO2), was carried out for 
24 h and 48 h. After the incubation, solutions were removed 
using a syringe with a blunt-ended needle. To six wells 
containing cell cultures, 100 μL of the 8-nM calcein AM 

Fig. 1  a Exemplary DPSV voltammograms representing the consecu-
tive additions of  Cd2+ during determination of released cadmium ions 
after QDs acidic dissolution. Inset shows the corresponding stand-
ard addition curve. The mean of three independent measurements 

was used as valid stock concentration for further QDs dilutions. b 
UV absorption spectra of 6-TG in different concentrations (from 0 to 
30 µM) in 2 M HCl. Inset shows the calibration curve based on the 
absorbance intensities at 348 nm
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solution (λex = 490 nm, λem = 515 nm) in PBS was added. 
100 μL of MTT solution in PBS (0.5 mg/mL) was added 
into the remaining wells. The cells with calcein-AM dye 
solution were incubated for 20 min in an incubator. Then, the 
medium was removed and 100 μL of PBS was added to each 
well. Cell images were captured using Olympus inverted 
fluorescence microscope. Cells with the MTT solution were 
incubated for 4 h in the incubator (protected from light). 
After incubation, MTT solution was removed and 100 μL of 
DMSO was added to each well due to dissolve the formazan 
crystals that were formed. The final step in MTT test was 
the measurement of the absorbance at 570 nm using multi-
mode reader Cytation 3 (BioTek). The results were presented 
as the percentage of cells viability compared to the control 
sample (cell culture incubated with medium):

where AS is the average absorbance of samples, AC is the 
average absorbance of control sample.

Cytotoxicity studies using Alamar Blue test

The viability of suspension cells (K562) was evaluated using 
Alamar Blue test. In this resazurin-based test fluorescence 
of formed resorufin is measured. Living cells possess abil-
ity to reduce the blue and non-fluorescent resazurin to red 
and highly fluorescent resorufin. The fluorescence signal is 
proportional to the number of living cells.

K562 line cells were seeded at a density of 5 × 105 cells/
mL in a volume of 100 μL per well. Solutions of surface-
modified quantum dots or 6-TG drug were added to each 
well after seeding the cells. After adding the solutions to the 
cells, the concentrations of QDs in wells were as follows: 
5 μM, 25 μM, 50 μM, 75 μM and 100 μM (15, 75, 150, 225, 
300 µM). Then the incubation of cell culture with tested 
nanoparticles/compounds was carried out. Finally, 5 μL of 
Alamar Blue reagent (2.5% final concentration) was added 
to each well and was incubated with cells for 4 h. Then, 
the fluorescence intensity (λex = 552 nm, λem = 582 nm) was 
measured.

Monitoring of a QD–6‑TG distribution

The equipment used for cell culture observation was as fol-
lows: Olympus CKX41 optical microscope, Olympus IX71 
fluorescence microscope, and BioTek microplate reader. 
The confocal microscope was used to monitor QD–6-TG 
distribution within a single cell after 24-h and 48-h incuba-
tion of cell culture with the nanoparticles. For this purpose, 
cells were seeded on a four-sided (glass bottom) Petri dish. 
Samples of 500 μL or 250 μL of cell suspension (adher-
ent cells or K562 cells, respectively) at densities described 
above were added to each well of dish. Then, QDs solution 

Cells viability = AS∕AC × 100%,

(250 μL) of chosen concentration was added to cell culture. 
In the case of adherent cell lines, before addition of QDs 
solution, the cells were incubated for 24 h in an incubator 
to allow them to adhere to the Petri dish surface. Then the 
medium was removed and QDs solution (500 μL) of chosen 
concentration was added to the cell culture.

Results and discussion

Herein, we report the use of the anticancer and antileukemic 
drug—6-TG for the modification of fluorescent semiconduc-
tor nanocrystals (this drug has been used for such aim for the 
first time). To date, the only described approach of modifica-
tion of nanomaterial with 6-TG (as well as other thiopurine 
analogues) was the modification of gold nanoparticles (Pod-
siadlo et al. 2007; Wang et al. 2016). The applied procedure 
of ligand exchange using thiolated derivative of guanine was 
successful, which was manifested by the migration of quan-
tum dots from the bottom organic phase to the aqueous solu-
tion (see Fig. 2). The affinity of 6-TG ligand to QDs surface 
can be mainly attributed to the interaction of sulfur (C6) 
atom with ZnS shell. It should be emphasized, that in oppo-
sition to noble metal surfaces, the contribution of electron 
donor atoms (heterocyclic and acyclic nitrogens) is relatively 
small (Li et al. 2016; Podsiadlo et al. 2007). The important 
factor facilitating the establishment of bond between ZnS 
and the ligand is the alkalization of the exchange mixture, 
and thus deprotonation of 6-TG ligand. The higher binding 
energy between ZnS and the thiolate anion in comparison 
to -SH moiety was already reported for other bifunctional 
thiols (Tamang et al. 2011). It should be noted, that 6-TG, 

Fig. 2  Scheme of mechanism and procedure for  CdSexS1–x/ZnS 
quantum dots ligand exchange. Picture shows images of biphasic 
system before and after ligand exchange (left), general structures of 
nanocrystal substrate (oleic acid-capped) and obtained QD–6-TG 
nanoconjugate (right)
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despite existing typically in a thione form, after deprotona-
tion in alkaline media undergoes rapid tautomerization to 
thiolate (Fig. 2) (Li et al. 2016).

Both QDs solutions after ligand exchange gained excel-
lent hydrophilicity and long-term stability in aqueous 
solutions, which make them suitable for the application in 
biological studies. The dispersion and photophysical proper-
ties of QDs after modification were examined by means of 
UV–Vis spectrophotometry, spectrofluorimetry and dynamic 
light scattering. The absorption (a) and emission spectra (b) 
of obtained QD–6-TG and QD–MAA are depicted in Fig. 3. 
In both cases, the lucid QD suspensions exhibiting apparent, 
sharp excitonic peaks were obtained. According to the analy-
sis of PL spectra, the attachment of 6-TG leads to higher effi-
ciency of emission for the same concentration of nanocrys-
tals in comparison to short carboxylic ligand—MAA.

The calculated photoluminescence quantum yield of 
QD–6-TG [based on rhodamine 6G as reference dye (Deka 
et al. 2009)] amounted to 8.34%. The modification also sub-
stantially affected the hydrodynamic diameters of obtained 
nanocrystals. According to DLS measurements, the mean 
diameter of MAA-capped QDs was 9.5  nm; whereas, 
the diameter of QD–6-TG was substantially higher and 
amounted to 17.4 nm. The substantial increase of hydro-
dynamic diameter in the case of 6-TG-modified nanocrys-
tals can be explained by different thickness of ligand layers. 
Additionally, it should be underlined, that due to the chemi-
cal character of 6-TG (occurrence of aromatic rings), the 
additional effect of π–π-stacking may contribute to formation 
of multilayers. Such phenomenon has been already reported 
by Sleightholm et al. for 6-TG functionalized gold nanopar-
ticles (Sleightholm et al. 2011). Both types of nanocrystals 
were characterized by anionic surface charge. Conducted 
measurements revealed that the surface zeta potential was 

− 63.8 ± 1.5 mV for 6-TG-capped QDs and − 40.4 ± 2.1 mV 
for MAA-capped ones.

The cytotoxicity of nanoparticles modified with 6-TG on 
selected cell lines: A549, MRC-5 and K562 was evaluated 
using MTT or Alamar Blue tests. In this way, the cytotoxic-
ity of  CdSexS1–x/ZnS–6-TG to normal and cancer cells was 
studied. The incubation of cells with tested quantum dots or 
6-TG was carried out for 24 and 48 h. The obtained results 
of observed cytotoxicity are presented in Fig. 4. The control 
sample represents 100% of viability. In accordance to ISO 
10993-1:2018 norm (ISO 1099), a non-toxic concentration 
was ascertained for all tests, which were distinguished with 
more than 70% of cells viability.

The determined molar ratio of 6-TG to  Cd2+ was close to 
3.0:1.0. Therefore, to better illustrate the influence of par-
ticular components of modified QDs, respective concentra-
tion of 6-TG (three times higher than CCd

2+) was administered 
to cells during cytotoxicity studies.

In the case of A549 cell line (Fig. 4a, b), for both incu-
bation times, the only non-toxic  CdSexS1–x/ZnS–6-TG 
concentration was 5 μM. For these nanoparticles, at such 
concentration, the cells viability amounted to 78.2% (24 h) 
and 77.4% (48 h). For  CdSexS1–x/ZnS–MAA, the highest 
non-toxic concentration after 24-h and 48-h incubation was 
25 μM (79.5% and 70.3%), while 6-TG showed the non-toxic 
effect in both cases at 15-μM concentration (81.8 and 71.3%, 
respectively). For MRC-5 cell line for the incubation lasting 
24 h and 48 h, the highest non-toxic  CdSexS1–x/ZnS–6-TG 
concentration was found to be 25 μM (74.8% and 71.7%, 
respectively) (Fig. 4c, d). The highest non-toxic concentra-
tion of  CdSexS1–x/ZnS–MAA as well as the aqueous solu-
tion of 6-TG after 24-h incubation was 50 μM (70.4%) and 
150 μM (72.1%), respectively. However, for the extended 
incubation time (two times longer), the values of non-toxic 

Fig. 3  UV–Vis absorption (a) and fluorescence emission spectra (λex = 488 nm) of modified QDs in aqueous solution (CCd
2+ = 100 µM)
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concentrations decreased twice and it was 25 μM (80%) and 
75 μM (77.1%), respectively. Results of K562 exposition to 
the drug and nanoparticles solution are presented in Fig. 4e, 
f. Based on the observed low viability of K562 cells, it was 
concluded that  CdSexS1–x/ZnS–6-TG and the drug itself 
were toxic in the whole range of examined concentrations 
for these cells; whereas, the MAA-modified QDs were found 
to be non-toxic at concentrations of 50 μM (76%) and lower. 
MAA is a biologically neutral ligand, so it can be concluded 

that cytotoxicity of these nanoparticles derived only from 
QDs composition. In our opinion, the release of toxic cad-
mium ions from the core of the quantum dot is the main 
factor affecting the toxicity of  CdSexS1–x/ZnS QDs.

The fact that drug-modified quantum dots are more toxic 
than the drug itself suggests the contributing effect of the 
release of toxic cations from the core of quantum dots. 
Enhanced cytotoxicity may also be caused by more efficient 
drug transport into cells—nanoparticles act as drug delivery 

Fig. 4  Cells viability after incubation with QD–6-TG: a A549 cells (24 h), b A549 cells (48 h), c MRC-5 cells (24 h), d MRC-5 cells (48 h), e 
K562 cells (24 h), f K562 cells (48 h)



90 Applied Nanoscience (2020) 10:83–93

1 3

platforms. Similar observations were obtained by Selveraj 
et al. in studies on the cytotoxicity of 6-TG-modified gold 
nanoparticles on human epithelium Hep-2 cells (Selvaraj 
et al. 2010). The Au–6-TG complex induced higher cytotox-
icity than the same amount of the drug itself.

We compared the biological activity of QDs with sur-
face modified with 6-TG on three different cell lines and the 
lowest decrease in cells viability was observed for MRC-5 
cells (Fig. 5). The lowest viability was found for human leu-
kemia cells (K562), which is in line with our expectations, 
because the applied ligand (6-TG) is a cytostatic drug (an 
antimetabolite) belonging to the purine analogs. This drug is 
used for acute leukemias (especially acute myeloid leukemia 

and acute lymphoblastic leukemia) treatment. Thioguanine 
is incorporated into DNA and RNA, which contributes to 
its cytotoxic action.

In the next stage of the research, we checked how nano-
particles affect the morphology of cells. We conducted these 
studies for both adherent cell lines. In Fig. 6, selected micro-
scopic images are presented. On their basis, it was found 
out that the increased concentration of  CdSexS1–x/ZnS–6-TG 
as well as longer incubation time changes the morphology 
of cells and inhibits their growth. The shape of A549 cells 
in the logarithmic growth phase is similar to a triangle. 
In images of A549 cell culture incubated with solutions 
of QD–6-TG, a change in cell morphology is noticeable. 

Fig. 5  Cells viability after: a 24 h of incubation and b 48 h of incubation with QD–6-TG

Fig. 6  A549 and MRC-5cells morphology after 24-h incubation with QD–6-TG
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The edges of the cells are irregular or cells became oval. In 
contrast, MRC-5 cells in the logarithmic growth phase are 
elongated and narrowed at the ends. At high concentrations 
of QD–6-TG, these cells lose the spindle shape, in favor 
to irregular, bulging structure. The cellular shrinkage was 
also observed, which may indicate, that the cell death pro-
ceeds through apoptosis. When in contact with solutions of 
higher concentrations of QDs, both types of cells exhibited 
deteriorated adhesion to the substrate. The lower density 
of cells is also visible as the effect of increased concentra-
tion of QDs. When the incubation lasted 48 h, the changes 
described above were more visible.

To track the distribution of nanoparticles inside cells, 
confocal microscope images were taken (Fig.  7). The 
cells nuclei have been stained with Hoechst 33342. It was 
observed that for normal and cancer lung cells, penetration 
of quantum dots into the cells occurred. However, for both 
tested incubation times (24 h and 48 h), no penetration of 
nanoparticles into the cell nucleus was observed. In addition, 
nuclei shrinkage was observed.

The pictures show the localization of quantum dots 
(observed as fluorescence emission) around and inside cells, 
which is a proof that QDs were attached onto cell membrane 
or penetrated into the cells. Our observations are consistent 

with those described in the work on interactions of fluores-
cent crystalline ZnO hexagonal nanosheets with K652 cells 
(Jiang et al. 2011), where their applicability for bio-imaging 
was confirmed. The fluorescence emission was observed in 
that case around or inside the cells after their culturing with 
ZnO nanosheets.

Conclusion

The attractiveness of 6-TG as a drug in a combination with 
the possibility to use it as QDs surface modifier prompted us 
to demonstrate for the first time 6-TG-functionalized CdSeS/
ZnS quantum dots as a promising tool for theranostics. The 
big advantage of the proposed approach is the double role 
of QDs, which allows for treating them as nanocarriers of 
a drug and tracking of distribution of obtained nanoconju-
gates by means of fluorescence imaging. We believe that 
the utilized conjugation chemistry (via direct interaction of 
sulfur-containing moiety with ZnS shell) contributes to the 
suppression of adverse drug properties resulting from the 
presence of thione group in the 6-TG structure.

Based on cytotoxicity measurements, a relationship 
between the concentration of QDs and cells viability was 

Fig. 7  QD–6-TG distribution 
monitoring
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found. It was concluded that the increasing concentration of 
modified QDs as well as the longer incubation time caused 
reducing of cells viability. Moreover, it was found that drug-
modified nanoparticles were the most toxic for lymphoblas-
tic leukemia cells (K562); while in the case of normal lung 
cells (MRC-5), their cytotoxicity was the smallest. The fact 
that 6-TG surface-modified QDs are more toxic than the 
drug itself or QDs modified with mercaptoacetic acid has to 
be underlined as a main conclusion of this work.
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