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Abstract
Background Lung cancer is one of the most frequently diagnosed cancer all over the world and a leading
cancer-related mortality. The therapy of lung cancer includes surgery, chemotherapy and radiatherapy and
mailny depends on the type and stage of lung cancer characterized based on WHO guidelines. Althought
the conventional chemotherapy is the main treatment option for small cell lung cancer (SCLC) and a
common treatment for non-SCLC it is characterized with lack of speci�city resulting to severe toxicities of
normal cells and harmful side effects. Therefore, targeted drug delivery (TDD) systems have been used to
reduce the systemic toxicity of some conventional chemotherapies in lung cancer. Quantum dots (QDs)
are fascinating nanoscale crystals that can serve as nanocarriers in TDD due to their unique
physicochemical properties. Therefore, in this paper, the as-desiged QDs, Ag-In-Zn-S-based
nanoconjugates for selective doxorubicin (DOX) targeting to lung cancer cells were developed. The QD
nanocrystals were modi�ed with 11-mercaptoundecanoic acid (MUA), L-cysteine (Cys) and lipoic acid
(LA) used as drug carriers for targeted delivery of DOX to A549 cells through conjugated folic acid (FA) a
self-navigation molecule that docks to the folate receptors on cancer cells. The comprechensive
physicochemical, cytotoxicity and genotoxicity studies were performed to characterise the novel QD-
based nanocaries and their anticancer cargos. Results The results from FTIR, DLS and �uorescence
quenching evidenced the successful attachment of FA to the QDs nanocrystals and DOX to the QDs-FA
nanocarriers. UV-vis analysis determined the amount of FA and DOX covalently anchored to the QDs
nanocrystal surface. Biological screeining revealed that QDs-FA-DOX nanoconjugates showed higher
cytotoxicity in comparison to other forms of the synthesized QD samples, suggesting the cytotoxic effect
of liberated DOX from the QD constructs. QD-MUA-FA-DOX occurred to be the most cytotoxic against
A549 cells among nanoconjugates. In vitro scratch assay also revealed signi�cant inhibition of A549
migration only due to treatment with QD-MUA-FA-DOX. Studies evidenced that all the nanoconjugates at
IC 50 induced signi�cantly more DNA breaks than that observed in non-treated cells. All in all, signi�cant
and the greatest cytotoxicity, genotoxicity together with inhibition of migratory potential of A549 cells was
observed for QD-MUA-FA-DOX. Conclusion The studies show the therapeutic e�cacy of DOX-loaded QD-
based cargos suggesting their promising role as novel drug delivery systems navigating to folate
receptors in lung cancer cells.

Background
Dynamic development of nanotechnology opened new possibilities of using some nanoscaled materials
for innovative therapies and diagnostics in modern nanomedicine. Among different nanoparticles studied
in biomedical sector, metal and metal oxides, dendrimers, silica- and carbon-based nanoparticles and
especially quantum dots have been vigorously tested as novel theranostics (1). Quantum dots are
fascinating nanoscale semiconductor crystals gaining an increasing attention in medical industry due to
their unique physical and optical properties, such as small diameter ranging from 2 to 100 nm (2), size-
tunable light emission (3), wide absorption/extinction coe�cients and high �uorescent quantum yields
(4), The surface composition of QDs may be chemically modi�ed enhancing their water-solubility (5),
suspension characteristics (6), the emission spectra and biocompatibility (2). Versatile functionalization
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with biomolecules and/or drugs makes them attractive nanoplatforms to be applied in diagnostic
(imaging, sensing)(3) and therapy, as they are able of side speci�c drug delivery to organs (6), cells and
even cell components (7). Moreover, QDs are found to be a powerful tool in diagnosis and treatment, as
they have great potential for simultaneous application of biosensing, imaging and therapy in nano-
theranostics platforms (3).

Targeted drug cancer delivery is recently developed type of treatment having immense capability to
improve cancer therapy by selective drug distribution at the tumor site at therapeutically effective
concentrations along with lowering systemic toxicity and therapeutic index (8). The side speci�c
therapeutic delivery is possible due to utility of nanoscaled materials, like QDs, that can be functionalized
with self-navigating elements and therapeutic cargo. Folic acid has the properties of selective self-
navigating molecule, as its receptors are frequently overexpressed on the surface of some human cancer
cells. FA can be easily internalized in a nondestructive manner into cancerous cells via endocytic pathway
that facilitates delivery of folate-conjugated anticancer drug payloads into cells in the same receptor-
mediated process called a Trojan horse strategy (9–11). To date, treatments that involve folate-targeted
approaches were extensively studied in context of variety of therapeutic cargos, including
chemotherapeutic agents, imaging agents, oligonucleotides and DNA molecules (12). One of the widely
used chemotherapeutic agent is doxorubicin, a topoisomerase inhibitor that interaction with DNA leads to
growth suppression of cancer cells (13). DOX is useful for treatment of various types of cancer, including
lung (14), breast (15), colon (16) and hematologic cancers (17). Even there are many cases of successful
treatments and cancer attenuation with DOX, its frequent clinical use induces multidrug resistance (MDR)
and severe side effects like cardiotoxicity and ototoxicity, as well as liver abnormalities, raised level of uric
acid in the blood and heart failure. To overcome those adverse effects, DOX was proposed to be
encapsulated and/or chemically conjugated to nanoparticles (18). Therefore, in this paper Ag-In-Zn-S
quantum dots conjugated with FA and DOX were synthesized. For further functionalization with FA and
DOX surface of QD was modi�ed with 11-mercaptoundecanoic acid (MUA), L-cysteine (Cys) and lipoic
acid (LA) ligands. As a result, nine compounds were developed including QD-MUA, QD-Cys, QD-LA
nanocrystals, QD-MUA-FA, QD-Cys-FA, QD-LA-FA nanocarriers and QD-MUA-FA-DOX, QD-Cys-FA-DOX and
QD-LA-FA-DOX nanoconjugates. The physicochemical characterization of synthesized QDs was obtained
using transmission electron microscopy (TEM), fourier transformation infrared spectroscopy (FTIR),
�uorescence spectroscopy, UV-VIS spectroscopy, dynamic light scattering (DLS) and by zeta potential
(ZP) analysis. The cytotoxic effect was evaluated on adenocarcinomic human alveolar basal epithelial
cells (A549) based on Alamar Blue and Colony Forming E�ciency (CFE) assays. The migratory potential
of A549 cells exposed to the newly synthesized QDs was estimated based on in vitro wound healing
assay (scratch assay). Genotoxicity expressed as induction of DNA breaks was assessed using the single
cell gel electrophoresis assay (comet assay).

Materials And Methods

Materials
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Sodium dihydrogen phosphate, disodium hydrogen phosphate, sodium chloride, potassium chloride (all
from POCH, Poland), silver nitrate (99%), indium(III) chloride (98%), zinc stearate (technical grade), 1-
dodecanethiol (DDT, 98%), sulfur (99%), 1-octadecene (ODE, 90%), oleylamine (OLA, 70%), 11-
mercaptoundecanoic acid (MUA, 95%), dimethyl sulfoxide (DMSO), L-cysteine (Cys, > 97%), lipoic acid
(LA, > 99%), N-hydroxy-succinimide (NHS), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride
(EDC), doxorubicin hydrochloride (DOX) and folic acid (FA > 97%) were all purchased from Sigma-Aldrich,
USA. Reagents and chemicals used in the nanoconjugate synthesis and in the cytotoxicity tests were of
the highest purity available and used as received.

Synthesis of Ag-In-Zn-S nanocrystals
In the synthesis of Ag-In-Zn-S nanocrystals and primary ligand exchange procedures earlier described in
the literature were followed.19,20 All operations were carried out under a constant dry argon �ow. Silver
nitrate (0.03 g, 0.17 mmol), indium(III) chloride (0.13 g, 0.59 mmol), zinc stearate (0.87 g, 1.37 mmol for
QDgreen), and DDT (0.20 g, 1.00 mmol) were mixed with ODE (15 mL) in a three-neck �ask. The mixture
was heated to 150 °C until a homogenous solution was formed. Then sulphur (0.015 g, 0.47 mmol)
dissolved in 1 mL of OLA was quickly injected into the reaction solution. The temperature was increased
to 180 °C and the mixture was kept at this temperature for 60 min. Then the mixture was cooled to room
temperature and toluene (20 mL) was added. Further, the reaction mixture was centrifuged and isolated
black precipitate was separated. The supernatant was treated with 30 mL of acetone resulting in
precipitation of the desired fraction of nanocrystals. The nanocrystals were separated by centrifugation
(7000 rpm, 5 min) and then redispersed in toluene.

Ligand exchange for 11-mercaptoundecanoic acid (MUA). A mixture of MUA (0.5 g, 2.3 mmol) and NaOH
(0.1 g, 2.5 mmol) in water (10 mL) was stirred and heated at 50 °C until a homogenous solution was
formed. Then the toluene dispersion (10 mL) of nanocrystals prepared as described above was injected
into this solution. The as-obtained two-phase mixture was heated at 80 °C for 8 h under an argon
atmosphere. After cooling, the reaction mixture was centrifuged to obtain a complete phase separation
and the solid and organic phases were discarded. Water phase was then mixed with 20 mL of acetone,
which led to precipitation of nanocrystals. After centrifugation, the nanocrystals were redispersed in
10 mL of water.

Ligand exchange for L-cysteine (Cys). A mixture of L-cysteine (3.0 g, 24.8 mmol), NaOH (1.5 g,
37.5 mmol) in water (10 mL) was stirred and heated at 40 °C until a homogenous solution was formed.
Then the toluene dispersion (10 mL) of nanocrystals prepared as described above was injected into this
solution. The as-obtained two-phase mixture was heated at 40 °C for 4 h under an argon atmosphere.
After cooling, the reaction mixture was centrifuged to obtain a complete phase separation, and the
organic phase was discarded. Water solution was then mixed with 20 mL of acetone, which led to the
precipitation of nanocrystals. After centrifugation, the nanocrystals were redispersed in 10 mL of water.

Ligand exchange for lipoic acid (LA). A sodium borohydride (0.02 g, 0.53 mmol) was added to the
solution of lipoic acid (0.2 g, 0.97 mmol) and NaOH (0.05 g, 1.25 mmol) in 10 mL of water and stirred at
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40 °C under argon atmosphere for 1 h. Then the toluene dispersion (10 mL) of nanocrystals prepared as
described above was injected into this solution. The mixture was stirred at 40 °C for 4 h and at room
temperature for 8 h. The mixture was centrifuged to obtain a complete phase separation and the organic
phase was discarded. Water solution was then mixed with 20 mL of acetone, which led to the
precipitation of nanocrystals. After centrifugation, the nanocrystals were redispersed in 10 mL of water.
The TEM images of the nanocrystals are presented in Fig. 1A. Table 1 QD shows nanocrystals
parameters before and after ligand exchange.

Table 1
Precursor molar ratios (silver nitrate/indium chloride/zinc stearate/DDT/sulfur in 1 mL of OLA) and

characteristics of Ag-In-Zn-S nanocrystals: before and after ligands exchange for MUA, Cys and LA. TEM
was used for size studies.

Ligand Ag/In/Zn/SDDT/Ss Ag/In/Zn/S Sizea

(nm)

PLb

(nm)

Q.Y.c

(%)

initial ligands* 1.0/3.5/8.1/5.8/2.6 1.0/1.5/7.8/17.0 3.2 ± 0.4 543 48.0

MUA 1.0/1.2/5.6/9.4 3.1 ± 0.6 576 25.0

initial ligands* 1.0/3.5/8.1/5.8/2.6 1.0/1.5/7.8/17.0 3.2 ± 0.4 543 48.0

Cys 1.0/6.8/14.3/154.2 3.1 ± 1.0 524 16.0

initial ligands* 1.0/3.5/8.1/5.8/2.6 1.0/1.5/7.8/17.0 3.2 ± 0.4 543 48.0

LA 1.0/1.0/8.8/25.1 3.0 ± 0.7 540 28.0

*stearic acid and 1-aminooctadecane; aaverage diameter of nanocrystals (n = 200) determined by
TEM; bmaximum of the photoluminescence band; cphotoluminescence quantum yield.

Synthesis of QD-FA-DOX nanoconjugates
The FA was attached to QD nanocrystals via EDC/NHS coupling reaction, as shown in Scheme 1. Brie�y,
5 mL of QD (10 mg·mL− 1) was diluted with 5 mL of solution containing 40 mM EDC and 10 mM NHS and
left under stirring for 1 h. The FA (5 mg; 10 mL) solution was prepared separately in PBS with addition of
1% DMSO. The prepared solution of FA was added to the �ask containing the activated QD nanocrystals
and incubated overnight with stirring in ThermoMixer Eppendorf® at the room temperature in the �ask
protected from light. After that, the mixtures of each type of QD-FA nanocarriers were dialyzed against
distilled water during 5 days to remove unbound FA. An amount of the unbounded FA present in the
supernatant of dialysis was determined by UV-vis spectroscopy. The difference of the absorbance of the
FA band (ca. 280 nm) between the initial solution and supernatant was the basis for the calculation the
amount of FA attached to the QD nanocrystals.

QD-FA-DOX nanoconjugates were prepared by conjugation of DOX with QD-FA nanocarriers via amino
groups. To the 1 mM solution of DOX in citrate buffer the NHS/EDC-activated QD-FA nanocarriers were
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added, see Scheme 1. The reaction was continued at room temperature overnight. Then the mixtures of
each type of QD-FA-DOX nanoconjugates were dialyzed against distilled water during 5 days to remove
unbound DOX. Finally, obtained nanoconjugates were diluted with water to the QD concentration 1
mg·mL-1. The amount of DOX conjugated with QD-FA nanocarriers was determined according to the same
procedure applied in the calculations of FA anchored to the QD nanocrystals. It was found that ca.
400 µM of DOX was attached to each type of QD-FA nanocarriers (1 mg·mL-1).

Applied characterization methods
Transmission electron microscopy (TEM). TEM analysis were performed on a Zeiss Libra 120 electron
microscope operating at 120 kV. The elemental analysis was carried out with a multichannel Quantax 400
EDS system with 125 eV xFlash Detector 5010, Bruker using 15 kV electron beam energy.

Fourier transformation infrared spectroscopy (FTIR). FTIR spectroscopy was used to con�rm the
successful conjugation of DOX and FA compounds to QD. The pellets were prepared from a mixture of
300 mg of spectrally pure KBr and ca. 1.0 mg of the nanoconjugates (QD-MUA-FA-DOX, QD-Cys-FA-DOX
and QD-LA-FA-DOX) and pure components (QD-MUA, QD-Cys, QD-LA, FA and DOX). The spectra were
acquired in a transmission mode on Perkin Elmer System 2000 spectrophotometer with the spectral
resolution of 4 cm-1.

Fluorescence spectroscopy. Fluorometric measurements were performed by means of Scinco-FS2
spectro�uorimeter (Scinco, South Korea) with low volume (200 µL) optical cuvette (Product no.
16.100 F/Q/10 from Starna Stienti�c, Co, UK) compatible in terms of size and aperture position with the
apparatus. Excitation wavelength was adjusted at 350 nm in compliance to preliminary measurements.
The �uorescence spectra were recorded from 360 nm to 690 nm with the maximum emission wavelength
ca. 535, 550 and 543 nm for QD-MUA, QD-Cys and QD-LA, respectively. The other parameters like slits
width (excitation: 5 nm, emission 5 nm), PMT voltage (600 V) scan speed (600 nm·min-1), were adjusted
experimentally in order to obtain the best sensitivity and linearity in respected range of concentration of
used compounds.

UV-vis spectroscopy. The UV-vis spectra were obtained with a PerkinElmer spectrometer, model Lambda
25 at temperature 21 °C in the quartz cuvette of 1-cm length.

Dynamic light scattering (DLS) and zeta potential (ZP) analysis. DLS and ZP measurements were
performed with a Zetasizer nano series apparatus (Malvern) with a He-Ne (4 mW) laser at 632.8 nm. The
experiments were carried out in buffer at 25 °C, at least �ve times, with three freshly prepared samples.

Cell line
The A549 (ATCC® CCL-185™) cell line was obtained from American Type Culture Collection (ATCC,
Manassas, VA, USA). The cells were cultivated in a 5% CO2 atmosphere at 37 °C in CO2 incubator
(Memmert, Schwabach, Germany). The cells were grown as adherent monolayer in F-12K Medium
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(Kaighn's Modi�cation of Ham's F-12 Medium, Gibco, Paisley, UK), supplemented with 10% FBS (Fetal
Bovine Serum, Gibco, Paisley, UK) and antibiotics: streptomycin, 50 µg·mL-1; amphotericin B, 1.25 µg·mL-1;
gentamicin 50 µg·mL-1; penicillin, 50 U·mL-1 (Gibco, Paisley, UK).

Cytotoxicity assessment
Cytotoxicity assessment was performed based on Alamar Blue and Colony Forming E�cacy assays.

Alamar Blue assay. The Alamar Blue assay was carried out according to manufacturer’s instruction
(Alamar Blue™ Cell Viability Reagent, ThermoFisher Scienti�c, Life Technologies Corporation, Eugene,
Oregon, USA). A549 cells were trypsinized (0.25% trypsin/EDTA solution, Gibco, Paisley, UK) and plated in
96-well plates (Falcon, Corning, Durham, USA) at a density of 105 cells per well. 24 h after cell adhesion,
A549 cells were exposed to increasing concentrations (0.1, 1, 5, 10, 25, 50, 100 µg·mL-1) of QD-MUA, QD-
Cys, QD-LA, QD-MUA-FA, QD-Cys-FA, QD-LA-FA, QD-MUA-FA-DOX, QD-Cys-FA-DOX, QD-LA-FA-DOX and free
DOX, which were further incubated for 24 h. The control cells were incubated with media. After incubation,
control medium and investigated compounds were removed, then the cells were rinsed twice with PBS
and 100 µL of Alamar Blue solution (10% [v/v] solution of Alamar Blue dye in fresh medium) was
transferred to each well. Following 3 h incubation (37 °C, 5% CO2, 90% humidity), the Alamar Blue
�uorescence was quanti�ed at the excitation and emission wavelength of 570 and 600 nm, respectively,
using an Epoch microplate reader (BioTek). The viability was expressed as �uorescence counts in the
presence of test compound as a percentage of that in the control.

Colony Forming E�cacy assay. On the �rst day, the A549 cells (400/dish) were seeded in 3 mL of fresh
complete medium in each 60 mm Petri dish. After 24 h of incubation (37 °C, 5% CO2, 90% humidity), the
cells were treated with the most promising QDs nanocojugates, i.e. which revealed signi�cant cytotoxicity
in Alamar Blue assay and free DOX. The concentration values selected based on the Alamar Blue data
applying values close to IC50 concentration calculated for the as-obtained QDs nanoconjugates.

Therefore, the concentrations of QD-MUA-FA-DOX were 1 µg·mL-1 and 5 µg·mL-1, QD-Cys-FA-DOX were 10
µg·mL-1 and 25 µg·mL-1, QD-LA-FA-DOX were 5 µg·mL-1and 10 µg·mL-1 and DOX were 0.1 µg·mL-1 and 1
µg·mL-1, respectively. Three replicates per each concentration were performed. Positive control (sodium
chromate, Na2CrO4, 100 µM), negative control (medium) and solvent control (PBS) were done in parallel
studies. The cells were treated for 72 h. When the time elapsed, the incubated medium with added
nanoconjugates or DOX were removed and replaced with complete fresh culture medium. After the next
72 h, the cells were �xed and stained with �xing solution of 10% v/v of formaldehyde in PBS and staining
solution of 10% v/v of Giemsa in ultrapure water, respectively. Dishes were air-dried before colony
counting. The colonies were counted under the stereoscopic microscope (OPTI Tech Scienti�c).

In vitro scratch assay

The scratch assay was carried out based on the protocol published by Liang et al. 21 A549 cells (1.5 × 105

cells/well) were seeded in 24-well plates to grow in a monolayer for 24 h. After that time, a “scratch” was
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created with a sterile 20–200 µL pipette tip in each well. The detached cells were removed by washing
twice with PBS. Afterwards, 250 µL of both, fresh medium without FBS and the most promising QDs
nanocojugates at �nal concentration of IC50 were added and incubated for 72 h. The control was fresh
medium without FBS and positive control was medium with 10% FBS. Three replicates per concentration
were performed. The scratches were observed under a phase-contrast microscope and photographed at
the reference point. The scratch closure was monitored at 0, 24, 48, and 72 h of experiment using a
microscope (Delta Optical NIB-100) at 4⋅magni�cation. The analysis of the scratch images was
performed using the ImageJ which calculates the scratch area. The migration of cells toward the scratch
is expressed as percentage of scratch closure:

1

where, At=0 h is the area of wound measured immediately after scratching, and At=Δ h is the area of wound

measured 24, 48 or 72 h post scratching.22

The comet assay
For the comet assay (single cell gel electrophoresis), A549 cells (2.5 × 105 cells/well) were seeded in 24-
well plates to grow in a monolayer. For 24 h after cell adhesion, the cells were exposed to �nal
concentration of IC50 and IC10 of the most promising QDs nanoconjugates and free DOX, which were
further incubated for 24 h. Control cells were incubated with media and PBS. Positive control were control
cells X-irradiated (2 Gy) in an ice water bath, with the use of a Smart200 (Yxlon) defectoscope operating
at 200 kV and 4.5 mA, with 3 mm Al �ltration, at a dose rate of 1.14 Gy/min. A549 cells were trypsinized
and an aliquot of cells was mixed with an equal volume of 2% low melting point agarose (Type VII) and
put on a microscope slide pre-coated with 0.5% regular agarose (Type I-A). The slides were immediately
placed in lysis solution and afterwards placed on a horizontal gel electrophoresis unit �lled with fresh
electrophoresis buffer (1 mM Na2EDTA and 300 mM NaOH, pH > 13 for 40 min for DNA unwinding). Next,

electrophoresis was performed (1.2 V·cm-1, 30 min, 10 °C), then the slides were washed with 0.4 M Tris,
pH 7.5 (3 × 5 min) and stained with DAPI, 50 µL, 1 µg·mL-1. Images of 100 randomly selected comets per
slide were captured at 200 × magni�cation using a �uorescence microscope (Labophot-2, Nikon, Japan)
equipped with Pulnix TM765 CCD camera (JAI, Japan). Image analysis of the data was performed by the
Comet v.3.0 software (Kinetic Imaging Ltd., UK).

Statistical analysis
Data are presented as the mean value ± standard deviation (SD). The study was conducted in at least
three independent runs. The graphs were prepared in GraphPad Prism 8 (GraphPad Software, Inc, La
Jolla, USA). The statistical analysis was performed with Statistica and GraphPad Prism software using
an unpaired t-test or the Mann − Whitney U test. P < 0.05 was considered statistically signi�cant.

Results And Discussions
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Qualitative features of the FTIR spectra of the QD-FA nanocarriers and QD-FA-DOX nanoconjugates.

Exact information about the functional groups involved in the conjugation process between QD
nanocrystals and FA and DOX would be given by comparison of FTIR spectra of pure QDs, FA and DOX
with the QDs-FA nanocarriers and QDs-FA-DOX nanoconjugates. The FTIR spectra of pure components,
nanocarriers and nanoconjugates are presented in Fig. 2. For all studied QD nanocrystals (Fig. 2A) the
characteristic stretching vibrations: of C = O at ca. 1560 cm− 1 and O-H in-plane band at ca. 1410 cm− 1 in
carboxylate groups are visible. As shown in Fig. 2B, in the case of pure folic acid the stretching vibration
of C = O appears at 1696 cm− 1, while the band at 1607 cm− 1 relates to the bending mode of NH–
vibration. The bands between 1513 and 1485 cm− 1 are attributed to band of the phenyl and pterin ring.23

In turn, the FTIR spectrum of DOX indicated characteristics bands at 1730 cm− 1 (C = O stretch, ketone),
1630 cm− 1 (C = O stretch), 1282.7 cm− 1 (C − O−C, stretch), 1114 cm− 1 (C − O stretch, tertiary alcohol),
1070 cm− 1 (C − O stretch, secondary alcohol), and 988 cm− 1 (C − O stretch, primary alcohol).24,25 The
FTIR spectrum of QD-FA nanocarriers presented in Fig. 2C shows the bands characteristic for QD
nanocrystals and FA. The effect of conjugation of the QDs with FA via amide bond can be characterized
by the amide I and amide II bands. The amide I band corresponds mainly to the C = O stretching vibration
of the amide groups and occurs in the region 1600–1700 cm− 1. The amide II band (1480–1575 cm− 1)
comes from N-H bending (40–60%) and C-N stretching (18–40%) vibrations (26, 27) After covalent (via
amide bond, Fig. 2D) conjugation of doxorubicin to QD-FA nanocarriers several important features
characteristic for this drug appeared on the FTIR spectrum of QD-FA-DOX nanoconjugates. Additionally, a
small shift in the amide I and amide II positions were observed with respect to pure components.
Moreover, the presence of the bands characteristic for the drug, at ca. 1300 cm− 1 con�rms the successful
attachment of DOX.

QD �uorescence quenching studies as a proof of QD and FA conjugation.

The interactions of FA with each type of QD nanocrystals were examined using �uorescence titrations.
The effect of FA concentration on the emission spectra of appropriate QDs is illustrated in Fig. 3.
Examined QD nanocrystals are characterized by emission maximum at ca. 573, 545 and 551 for QD-MUA,
QD-Cys and QD-LA, respectively. In the all cases the addition of FA led to the gradual �uorescence
decrease with increasing concentration of FA in the solutions. In particular, for the highest FA content
(5 µM), the �uorescence intensities were quenched to ca. 80 and 75% of original value of QD-MUA and
QD-Cys or QD-LA, respectively. The QD-FA interactions can be quantitatively described by the quenching
constant (KSV) of the QD-FA nanocarriers according to the Stern-Volmer Eq. (28–30):

2
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where CFA is the molar concentration of FA, I0 and I are the �uorescence intensity of QD in the absence
and in the presence of FA, respectively. KSV values were calculated from the slopes of the each plot I0/I = 

f(CFA) and were equal to (3.7 ± 0.3)∙104, (5.7 ± 0.4)∙104 and (6.7 ± 0.5)∙104 M-1 for QD-MUA-FA, QD-Cys-FA
and QD-LA-FA, respectively. The Stern-Volmer plots were linear (see insets in Fig. 3), so only one type of
quenching process occurs, either static or dynamic one (31, 32). The simplest way to distinguish the
static from dynamic quenching is the monitoring of KSV changes in the function of temperature (31). In
the case of an increase of the KSV value with temperature the dynamic quenching takes place. Opposite
behavior of KSV vs. T is typical for static quenching. For all QD-FA nanocarriers the decrease of KSV values
were observed with increasing temperature. Such behavior suggests that the static quenching took place
and, subsequently, the quenching constants could be considered as the association constant.

Size and physical stability of QD-FA nanocarriers and QD-FA-DOX nanoconjugates.

Size of the QD nanocrystals, QD-FA nanocarriers and QD-FA-DOX nanoconjugates has been considered as
one of qualitative parameters proving the successful conjugation process. Based on DLS studies, the
diameter of the QD nanocrystals dispersed in PBS buffer was in the range 11–19 nm depending on the
surface ligand type (Fig. 4).

It should be stressed that the hydrodynamic diameter of QD nanocrystals is signi�cantly higher than
those determined from TEM images (see Table 1). The highest QD nanoconjugates diameter was
observed for the lipoic acid as a surface ligand. This can be explained by the different number of zinc
atoms and in consequence the greater number of ligands that stabilize such ions. Probably two
coordination spheres of ligands exist. The �rst sphere contains ligands directly bounded to the surface,
the second sphere includes free ligands that are in balance with the �rst sphere ligands. During the
bioconjugation process the size of QD nanocrystals increased along with another modi�cation of their
surface by FA and DOX.

The zeta potential was exploited as one of the decisive factors of the QD nanocrystals, QD-FA
nanocarriers and QD-FA-DOX nanoconjugates. The obtained ZP values are showed in Table 2. The ZP
plays an essential role in QD-FA-DOX nanoconjugates stability. The higher ZP value (positive or negative)
the more stable dispersion is. In general, nanoparticles with zeta potential values greater than positive
30 mV or less than negative 30 mV have high degrees of stability. Dispersions with less than + 25 mV or
greater than − 25 mV zeta potential value will eventually agglomerate due to interparticle interactions,
including van der Waals and hydrophobic interactions, and hydrogen bonding. In the study, the smallest
ZP values were observed for QD-FA-DOX nanoconjugates for all tested types of QD. This fact suggests
that such behavior might be favorable for the release of DOX from nanoconjugates in the cell culture
medium.
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Table 2
Zeta potential values for QD nanocrystals, QD-FA

nanocarriers and QD-FA-DOX nanoconjugates obtained
in PBS buffer.

  MUA Cys LA

QD -23.3 ± 2.4 -24.3 ± 3.5 -10.9 ± 1.2

QD-FA -34.1 ± 2.6 -27.8 ± 2.7 -13.2 ± 2.2

QD-FA-DOX -15.5 ± 3.5 -17.2 ± 1.9 -6.2 ± 1.1

Quantitative analysis of QD-FA nanocarriers and QD-FA-DOX nanoconjugates.

The amount of FA and DOX covalently anchored to QD nanocrystal surface was determined from UV-vis
analysis (Table 3).

Table 3
Mass of FA and DOX anchored to 1 g of each

type of QD nanocrystals.

  mFA/1 g QD

[mg]

mDOX/1 g QD

[mg]

exp. theor. exp. theor.

QD-MUA 11 28 46 56

QD-Cys 13 50 54 102

QD-LA 9 21 39 42

It should be noted, that these values correspond to ca. 30–40% of maximal value for FA, most likely
represents the lower limit of surface coverage. It is probably because of steric reasons, where some FA
molecules lie on the ligand layer at QD surface and e�ciently block the conjugations sites. The situation
is much better in the case of DOX; the mass of DOX covalently attached to the QD-FA nanocarriers
corresponds to ca. 50–80% of maximal value for FA and most likely represents the higher limit of surface
coverage. Probably DOX molecules were anchored to the QD-FA nanocarriers via amide bond formed with
FA molecules, as well as directly with the ligand at the QD surface. In the calculations of maximal mass
of FA and DOX it was assumed that DOX molecules on the surface of QD are 2D close packed, and its
maximal number per one QD molecule is:
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Taking into account the composition of studied QD nanocrystals: QD-MUA (Ag1.00In1.20Zn5.60S9.40), QD-
Cys (Ag1.00In6.80Zn14.30S154.20), QD-LA (Ag1.00In1.00Zn8.80S25.10) the densities of QDs were determined on
the basis of density of its components and are presented in Table 4. Knowing the volume of a single QD
molecule, the number of QDs in 1 g and the FA or DOX masses that correspond to the maximal number of
QD, the maximal (theoretical) mass of FA and DOX covalently attached to the 1 g of QD nanocrystals
were estimated.

Table 4
Diameter (φ), radius (r), density (ρ), volume of single QD molecules (VQD) and the number of QD

molecules (NQD).

  φ

[nm]

r

[nm]

ρ

[g·cm− 3]

VQD

[cm− 3]

NQD

in 1 g

QD-MUA 11.5 5.7 4.51 7.75·10− 19 2.86·1017

QD-Cys 14.0 7.0 2.63 6.23·10− 19 6.10·1017

QD-LA 18.8 9.4 3.60 3.48·10− 18 7.99·1016

φ: QD nanoparticle diameter; r: QD nanoparticle radius; ρ: QD density determined on the basis of
density of its components; VQD: volume of a single QD molecule (); NQD: number of QD molecules in
1 g

Cytotoxicity assessment
One of the most important objectives of our study was to assess the cytostatic activity of the as-obtained
quantum dot nanoplatforms loaded with and without doxorubicin. Relevant tests were conducted on
A549 cells with commonly used anti-cancer drug doxorubicin alone serving as reference compound.

Alamar Blue. In the present study, A549 cells were in vitro treated with QD-MUA, QD-Cys, QD-LA
nanocrystals, QD-MUA-FA, QD-Cys-FA, QD-LA-FA nanocarriers and QD-MUA-FA-DOX, QD-Cys-FA-DOX and
QD-LA-FA-DOX nanoconjugates for 24 h. The results of the cell viability measurements showed the lowest
Alamar Blue reduction for A549 cells treated with the QD-Cys-FA-DOX nanoconjugates (Fig. 5D). QD-MUA-
FA-DOX was found to be the most cytotoxic among studied QD nanoconjugates (Fig. 5D) since its IC50

value was 1.7 µg·mL-1 (95% CI 0.9 to 2.7 µg·mL-1), while IC50 values for QD-Cys-FA-DOX and QD-LA-FA-

DOX were 10.5 µg·mL-1 (95% CI: 7.7 to 13.8 µg·mL-1) and 5.5 µg·mL-1 (95% CI: 4.0 to 7.3 µg·mL-1),
respectively. The successful application of Ag-In-Zn-S QDs with MUA as linker in anticancer therapy has
been also recently reported by Pilch et al (33). They used QD-MUA as a carrier of bisacridine derivatives
(UAs) for enhancement its cytotoxicity toward cancerous cells. As a result, they observed increased
therapeutic e�ciency of UAs toward lung (H460) and colon (HCT116) cancer cells preserving the
protective effect on normal cells.
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No cytotoxic effect was observed for all QDs nanocrystals apart from QD-MUA at the highest studied
concentration (Fig. 5A). The signi�cant cytotoxic effect of QD-MUA was observed due to treatment of 100
µg·mL-1, similarly to its derivative form (QD-MUA-FA) obtained by conjugation of FA (Fig. 5A). In both
cases, about 40% loss of the cell viability was noted in comparison to preceding studied concentration
(50 µg·mL-1). In other recent studies, no cytotoxicity of QD-MUA on cancerous cells H460, HCT116 and
normal MRC-5 and CCD 841CoN cells was reported (33). Interestingly, the cytotoxicity of MUA in the
absence of QDs core was investigated by Hoshino et al. who revealed severe toxic effect at doses grater
then 100 µg·mL-1 within 12 h of treatment (34). Note that FA functionalized QDs was found to have an
ambiguous effect on the cytotoxicity of studied cells. The treatment with the highest applied
concentration of QD-Cys-FA slightly increased the A549 cells viability (Fig. 5B), whereas the treatment
with QD-LA-FA did not in�uence the cells regardless of the tested concentrations (Fig. 5C). It was
previously reported that FA plays a great role as a ligand in targeted cancer therapy, however, excessive FA
supplementation may lead to neocarcinogenesis and some cancers progression (35–37). A549 cells were
also treated with free doxorubicin. The Alamar Blue assay revealed a quite different pro�le of free DOX
and DOX conjugated quantum dots as IC50 of DOX was established at 0.8 µg·mL-1 and IC50 of QD-MUA-

FA-DOX (QD with the highest cytotoxic effect) at 1.7 µg·mL-1. Note that the 1.7 µg·mL-1 of QD-MUA-FA-
DOX contains 0.08 µg·mL-1 of DOX, what is 10 times less than the IC50 value of free DOX. One has to be
noted that the QD-based nanocarriers contain lower amount of DOX as compared to free DOX used in the
cytotoxicity assay (Table 3).

Colony Forming E�ciency assay. Colony Forming E�ciency assay serves for assessment of cytotoxicity
induced both by chemicals and nanomaterials, based on the ability of a single cell to form a colony.38

The assay gives rise to the information of the number of colonies being an important parameter of tumor
growth and progression. It is also considered to be a promising tool to study nanomaterials as is a label-
free (non-colorimetric, non-�uorescent), therefore limits the possibility of the occurrence of interferences
especially associated with optical detection (39).

In this case, the CFE assay was used as a con�rmation of growth inhibition of A549 by the most
promising QDs nanoconjugates at the concentrations established based on the Alamar Blue test that
revealed signi�cant the cytotoxic effect, i.e. all the QDs nanoconjugates with FA and DOX. The control
and solvent control revealed the plating e�ciency to be more than 45% (Fig. 6). As a rule, the colonies of
more than 50 cells should be counted in the CFE assay (38), however, in our experiment the selected
concentrations of QDs nanoconjugates strongly suppressed A549 growth leading to the reduction of cells
and the size of the colonies with more than 50 cells within. As a consequence, no colonies of 50 cells
were evidenced (beside the both controls). Nevertheless, there were many incidents of small colonies
containing 2 to 10 cells (Fig. 6), therefore, the comparative analysis was only limited to this group. The
colonies containing 11–25 cells and 25–50 cells were also investigated, however occurred in a large
minority. All things considered, this result indicates that all QDs nanoconjugates strongly inhibited the
capability of A549 cells to grow. Interestingly, among the colonies formed, a quite different shape of
colonies was found as compared to respective controls (Fig. 6).
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The CFE assay revealed that QDs nanoconjugates treatment enhances cell death in a concentration
dependent manner as the reductions in the size and number of colonies were observed (Fig. 7). The
statistical analyses revealed signi�cant differences (P < 0.05) in all compared groups. The greatest
decrease in the number of colonies containing 2 to 10 cells (P < 0.0001) was observed for QD-Cys-FA-DOX
after treatment with 25 µg·mL-1 in comparison to 10 µg·mL-1.

In vitro scratch assay

Cells migration is a multistep process fundamental to normal biological, however, also pathological
events such as cancer metastasis (40). In order to determine the migratory/invasive potential of A549
cells after the exposition to QDs nanoconjugates, the in vitro scratch assay was performed. The method
depends on registration the time upon which the arti�cial gap created by the tip will be closed by the cells
from the edge of the newly created gap. The comparison of the images at the beginning and regular
intervals during cell migration to close the scratch determines the rate of cell migration (Fig. 8).

In vitro scratch assay revealed statistically signi�cant inhibition (P < 0.05) of A549 cells due to QD-MUA-
FA-DOX treatment at IC50 within 24 h and 72 h post-scratching in comparison to control (Fig. 9). Other
studied QDs or free DOX did not revealed any signi�cant inhibition of A549 cells migration comparing to
control. Considerable wound healing rate of A549 after treatment with DOX was also reported by Sheng et
al. due to cells treatment with 1 µM (0.54 µg·mL-1) at 24 h of incubation (41) and Li et al. due to treatment
with 4 µg·mL-1 at 48 h of incubation (42).

The Comet Assay
The Comet assay was applied to determine the genotoxicity of as-synthesized QDs-FA-DOX
nanoconjugates. The assay enables the detection of DNA damage in a single cell by measurement the
chromatin release in the process of high pH electrophoresis proceeded by exposition to lysis detergents
and high salts. The chromatin release resembling comet structure is the effect of genotoxic insult
indicating on DNA strand breaks. The representative “comets” are counted under the �uorescence
microscope giving rise to the information about the DNA damage, which is estimated based on the
intensity of the comet tail relative to the head (43, 44). The in vitro comet assay on A549 cells treated with
QD-MUA-FA-DOX, QD-Cys-FA-DOX, QD-LA-FA-DOX or DOX as a reference was carried out after 24 h of
exposure. The statistically signi�cant differences in DNA damage between the cells treated with IC50 and
untreated control were observed for all synthesized QDs-FA-DOX nanoconjugates, but not for DOX alone
(Fig. 10). No difference from the control was observed for the compounds at concentration of IC10. The
representative comets were shown in Fig. 11.

Doxorubicin is well known substrate for multidrug resistance protein, especially ABCB1 protein (also
known as a MDR1 protein) (45, 46). Since ABCB1 is a transmembrane protein, the extracellularly added
doxorubicin is exported directly from the vicinity of outer membrane thus does not even enter the cell
interior (46). This likely explains the neglectable genotoxicity of DOX alone, as the compound must reach
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nucleus and DNA to become toxic. On the other hand, FA present of the nanoconjugates surface
apparently dodges the ABCB1 action due to the ligand-receptor interactions and enabled DOX delivery to
the cytoplasm. Moreover, FA containing nanoconjugates might be able to deliver DOX to the cell’s nucleus,
as proved for ultrasmall gold nanoparticles conjugated with lipoic acid/FA/DOX complex (47). Our results
con�rm this observation as genotoxicity of FA/DOX containing nanoconjugates was higher that the
genotoxicity of DOX alone. Moreover, referring to QD-MUA-FA-DOX genotoxicity its linker (MUA) alone was
also previously reported to be genotoxic at doses greater than or equal to 50 µg·mL-1 with 2 h of
treatment (34, 48).

Conclusions
Nanoconjugates of DOX and FA with Ag-In-Zn-S quantum dots modi�ed with three different drug carriers
(MUA, Cys, LA) were synthesized and characterized. The physicochemical properties of all QDs
nanocrystals, QDs-FA nanocarriers and QDs-FA-DOX nanoconjugates were investigated using TEM, FTIR,
DLS, ZP, �uorescence and UV-vis spectroscopy. The TEM analyses enabled us to evaluate the size of QD
nanocrystals, QD-FA nanocarriers and QD-FA-DOX nanoconjugates, while the DLS analyses allowed to
establish the hydrodynamic diameter of the as-synthesized QDs. The results from FTIR evidenced the
successful attachment of folic acid to QDs nanocrystals and doxorubicin to QDs-FA nanocarriers. FA
conjugation to QDs nanocrystals was also proven by QD �uorescence quenching. UV-vis analysis
revealed the actual mass of folic acid and doxorubicin covalently anchored to QDs nanocrystal surface.
The data from zeta potential investigation demonstrated that the smallest ZP value was obtained as
follow by QD-Cys-FA-DOX, QD-MUA-FA-DOX and QD-LA-FA-DOX nanoconjugates indicating on the
favorable release of DOX from nanoconjugates in the cell medium. Among those three nanoconjugates,
QD-Cys and QD-MUA nanocarriers attached the highest amount of FA and DOX having facilitated docking
to cancer cells through folate receptors and providing more DOX into the cells. The Alamar Blue
cytotoxicity assessment proved the above assumptions as the greatest cytotoxic effect was observed for
QD-MUA-FA-DOX, QD-LA-FA-DOX and QD-Cys-FA-DOX (QDs presented according to increasing IC values).
Among nanoconjugates, QD-MUA-FA-DOX occurred to be the most cytotoxic against A549 cells, what may
be explained by mild itself MUA cytotoxicity. In turn, CFE assay revealed complete cells inhibition by all
nanoconjugates at concentrations close to IC50 values determined in Alamar Blue assay. The in vitro
scratch assay also revealed signi�cant inhibition of A549 migration only due to treatment with QD-MUA-
FA-DOX at IC50. On the other hand, the comet test demonstrated signi�cant genotoxicity of all QDs
nanoconjugates at concentrations relevant to IC50. Higher genotoxicity was also observed for free DOX at
IC50, however not statistically signi�cant suggesting the higher genotoxicity of FA/DOX containing
nanoconjugates than that of DOX alone. Having in mind the decrease of the well-known adverse effects
of DOX the proposed QDs perfectly ful�ll their roles both due to the targeted delivery of DOX to the lung
cancer cells, thus reduction its systemic cytotoxicity and the diminution of DOX availability to other
healthy tissues while maintaining its therapeutic effectiveness.
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Figure 1

Scheme 1: Scheme of the synthesis of the QD-FA nanocarriers and QD-FA-DOX nanoconjugates.
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Figure 2

DNA damage of A549 cells after 24 h of treatment with the compounds at IC50 detected by the comet
assay. Images come from a �uorescent microscope.

Figure 3

Percent of DNA damage in A549 cells after treatment with QD-MUA-FA-DOX (QD1), QD-Cys-FA-DOX (QD2),
QD-LA-FA-DOX (QD3) and DOX at IC10 and IC50. *P < 0.05, **P <0.01, ***P < 0.001 and ****P < 0.0001,
between studied concentrations.
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Figure 4

The percentage of wound closure area plotted over time for QD-MUA-FA-DOX, QD-Cys-FA-DOX, QD-MUA-
FA-DOX and free DOX at �nal concentration of IC50. Data are presented as mean ± SD. *P < 0.05, **P
<0.01, ***P < 0.001 and ****P < 0.0001, between studied concentrations.

Figure 5

Effect of QD-MUA-FA-DOX, QD-Cys-FA-DOX, QD-MUA-FA-DOX and DOX on A549 migratory potential in
vitro. Images were acquired at 0, 24, 48 and 72 h.
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Figure 6

Number of colonies built of 2 to 10 cells of human lung carcinoma cells (A549) treated with QD-MUA-FA-
DOX, QD-Cys-FA-DOX, and QD-LA-FA-DOX. Data from three independent experiments. *P < 0.05, **P < 0.01,
***P < 0.001 and ****P < 0.0001, between studied concentrations.
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Figure 7

The representative microscopic images of A549 from CFE assay. Images are performed under the
converted microscope Delta Optical NIB-100 (10xmagni�cation) and stereoscopic microscope Opti-Tech
Scienti�c (2xmagni�cation).
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Figure 8

Viability of human lung carcinoma cells (A549) treated with QDs coated with A) MUA, B) Cys, C) LA, and
D) QDs functionalized with FA and DOX and free DOX. Data are from three independent experiments.
****P < 0.0001 versus A549 cells treated with 50 µg·mL-1 of QD-MUA and QD-MUA-FA.

Figure 9
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Mean size of QD nanocrystals, QD-FA nanocarriers and QD-FA-DOX nanoconjugates dispersed in PBS
buffer based on DLS studies.

Figure 10

Fluorescence quenching of QDs by FA in 0.02 M PBS buffer of pH 7.4. Insets: Stern-Volmer plots of QD
quenching �uorescence as a function of FA concentrations. Experimental conditions: CQD = 1 mg·mL-1;
CFA = 0.025; 0.05; 0.25; 0.5; 1.5, 2, 3, 4 and 5 µM.
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Figure 11

The representative FTIR spectra of QD nanocrystals (A), targeting ligand and drug (B), QD-FA nanocarriers
(C) and QD-FA-DOX nanoconjugates (D). The spectra were standardized by a background spectrum
determined on the bare KBr substrate.
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Figure 12

TEM images of QD nanocrystals (A) and their photoluminescence spectra for dispersions in water (B).


