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article aimed at developing a new targeted drug delivery (TDD) system based on Ag-In—

Zn-S quantum dots (QDs). For this purpose, the QD nanocrystals were modified with
11-mercaptoundecanoic acid (MUA), L-cysteine, and lipoic acid decorated with folic
acid (FA) and used as a novel TDD system for targeting doxorubicin (DOX) to folate
receptors (FARs) on adenocarcinomic human alveolar basal epithelial cells (A549).
NIH/3T3 cells were used as FAR-negative controls. Comprehensive physicochemical,
cytotoxicity, and genotoxicity studies were performed to characterize the developed
novel TDDs.

Results: Fourier transformation infrared spectroscopy, dynamic light scattering,

and fluorescence quenching confirmed the successful attachment of FA to the QD
nanocrystals and of DOX to the QD-FA nanocarriers. UV-Vis analysis helped in deter-
mining the amount of FA and DOX covalently anchored to the surface of the QD
nanocrystals. Biological screening revealed that the QD-FA-DOX nanoconjugates had
higher cytotoxicity in comparison to the other forms of synthesized QD samples, sug-
gesting the cytotoxic effect of DOX liberated from the QD constructs. Contrary to the
QD-MUA-FA-DOX nanoconjugates which occurred to be the most cytotoxic against
A549 cells among others, no such effect was observed for NIH/3T3 cells, confirming
FARs as molecular targets. In vitro scratch assay also revealed significant inhibition of
A549 cell migration after treatment with QD-MUA-FA-DOX. The performed studies
evidenced that at /Cs all the nanoconjugates induced significantly more DNA breaks
than that observed in nontreated cells. Overall, the QD-MUA-FA-DOX nanoconjugates
showed the greatest cytotoxicity and genotoxicity, while significantly inhibiting the
migratory potential of A549 cells.

Conclusion: QD-MUA-FA-DOX nanoconjugates can thus be considered as a poten-
tial drug delivery system for the effective treatment of adenocarcinomic human alveo-
lar basal epithelial cells.
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Background

Lung cancer is the second most common form of cancer in both men and women in the
Western world. The most frequent subtype of lung cancer is non-small cell lung cancer
(84%) (American Cancer Society 2020). According to the predictions of the American
Cancer Society, lung and bronchial cancers will account for approximately 13% of all the
newly diagnosed cancers and for approximately 22% of all cancer deaths, thus becoming
the leading cause of cancer-related mortalities in the United States in 2020 (American
Cancer Society 2020; Siegel et al. 2020). It is estimated that in the European Union, the
incidence of lung cancers will be also high, accounting for about 12% of the total can-
cer incidences in 2020. Moreover, lung cancers will account for approximately 20% of
all cancer deaths, with cancer-related mortality being higher among men (ECIS 2020).
Unfortunately, the 5-year survival rate for all types of lung cancer is extremely low (19%),
which reflects that a high percentage of patients are diagnosed with metastatic disease
(5-year relative survival rate of 5%) (Siegel et al. 2020). Although there are many treat-
ment possibilities for lung cancer including surgery, chemotherapy, and radiotherapy,
survival mainly depends on the type and stage of cancer. The main treatment option,
conventional chemotherapy, is limited by a lack of specificity, resulting in high general
toxicity (Yuan et al. 2019). It is believed that nanotechnology-based strategies can sig-
nificantly improve the response of lung cancer cells to common chemotherapeutics and
reduce drug toxicity by selectively docking at cancer sites and metastases.

The dynamic development of nanotechnology has opened new possibilities for using
nanoscaled materials in innovative therapies and diagnostics in modern nanomedicine.
Among the different nanoparticles studied in the biomedical sector, metal and metal
oxides, dendrimers, and silica- and carbon-based nanoparticles, especially quantum
dots (QDs), have been vigorously tested as novel theranostics (Ha et al. 2019). QDs are
fascinating nanoscale semiconductor crystals, which are gaining increasing attention
in nanomedicine due to their unique physical and optical properties. Their advantages
include a small diameter ranging from 2 to 100 nm (Peynshaert et al. 2017), size-tuna-
ble light emission (Matea et al. 2017), wide absorption/extinction coefficients, and high
fluorescent quantum yields (Abbasi et al. 2016). The surface composition of QDs may be
chemically modified to alter their emission spectra (Peynshaert et al. 2017) or enhance
their water solubility (Bilan et al. 2015) and biocompatibility (Peynshaert et al. 2017). It
has been reported that the optical properties of graphene QDs were improved by doping
nonmetallic atoms such as potassium, nitrogen, sulfur, chlorine, fluorine, and selenium
(Qian et al. 2016) or surface functionalization with functional groups such as alcohol,
amine, thiol (Qian et al. 2013), or alkyl (Peynshaert et al. 2017). In addition, the coating
of graphene QDs with polyethylenimine of different molecular weights was observed to
enhance the photoluminescence intensity (Peynshaert et al. 2017). Covalent functionali-
zation of silicon QDs with phenanthrene, pyrene, and perylene chromophores (Abdelha-
meed et al. 2018) effectively tuned the emission color as well as enhanced the emission
quantum efficiency. In order to enhance their water solubility and thus biocompatibility,
QDs can be coated with hydrophilic ligands (such as thiolate alcohols, thiolate acids and
thiolate siloxane acids (Zhou et al. 2017), or monothiol ligands including 3-mercapto-
propionic acid (MPA) (Ali et al. 2019) and mercaptoundecanoic (MUA)), amphiphilic
polymers (such as polyethylene glycol (Susumu et al. 2009), poly(N-isopropylacrylamide)
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(Hu and Gao 2010)), or silica (Cao et al. 2020; Hu and Gao 2010). Besides these, glu-
tathione (Aydemir et al. 2020), bovine serum albumin (Barba-Vicente et al. 2020; Sahoo
et al. 2019), poly(lactic-co-glycolic acids), and chitosan (Kharkar et al. 2020) were also
reported to promote the biocompatibility of QDs.

Versatile functionalization of QDs with biomolecules [such as antibodies (Qiu et al.
2014)] and/or drugs makes them attractive nanoplatforms for application in diagnostics
(imaging or sensing) (Matea et al. 2017) as well as therapy, depending on their ability
of site-specific drug delivery to organs (Hardman et al. 2006), cells, and even cell com-
ponents (Wegner et al. 2015). Moreover, QDs are recognized as a powerful tool for
simultaneous application in diagnosis and treatment, as they have a great potential for
concurrent use in biosensing, imaging, and therapy as nanotheranostic platforms (Matea
et al. 2017).

The recently developed cancer-targeted treatment has immense efficiency due to the
selective distribution of the drug at the tumor site at therapeutically effective concen-
trations along with lowering systemic toxicity and therapeutic index (Salahuddin et al.
2017). The site-specific therapeutic delivery is possible with the use of nanoscaled mate-
rials, like QDs, which can be functionalized with self-navigating elements and therapeu-
tic cargo. Folic acid (FA) has the ability of selective self-navigation, as folate receptors
(FARs) are frequently overexpressed on the surface of some human cancer cells. FA can
be easily and nondestructively internalized into cancerous cells via the endocytic path-
way that facilitates the delivery of folate-conjugated anticancer drug payloads into cells
by the same receptor-mediated process called Trojan horse strategy (Patel et al. 2018;
Sosnik et al. 2018; Zhang et al. 2018). Treatments involving folate-targeted approaches
were extensively studied in the context of different therapeutic cargos, including chemo-
therapeutic agents, imaging agents, oligonucleotides, and DNA molecules (Kumar et al.
2019). One of the widely used chemotherapeutic agents is doxorubicin (DOX), a topoi-
somerase inhibitor whose interaction with DNA leads to the suppression of cancer cell
growth (Kumar et al. 2017). DOX is useful for treating various types of cancer, including
lung (Hong et al. 2019), breast (Lovitt et al. 2018), colon (Lin et al. 2018), and hema-
tologic cancers (Au et al. 2019). Although many studies have reported successful treat-
ment and attenuation of cancers with the use of DOX, its frequent clinical application
induces multidrug resistance (MDR) and severe side effects including cardiotoxicity and
ototoxicity, as well as liver abnormalities, increase in the blood level of uric acid, and
heart failure. To overcome these adverse effects, it was proposed that DOX should be
encapsulated and/or chemically conjugated to nanoparticles (Gu et al. 2012). This paper
describes the development of Ag—In-Zn-S QDs conjugated with FA and DOX for the
treatment of adenocarcinomic human alveolar basal epithelial cells (A549). For further
functionalization of QDs with FA and DOX, their surface was modified with MUA,
L-cysteine (Cys), and lipoic acid (LA) ligands. This resulted in nine compounds, includ-
ing QD-MUA, QD-Cys, and QD-LA nanocrystals; QD—-MUA-FA, QD-Cys-FA, and
QD-LA-FA nanocarriers; and QD-MUA-FA-DOX, QD-Cys-FA-DOX, and QD-
LA-FA-DOX nanoconjugates. The physicochemical characterization of the synthesized
QDs was performed using transmission electron microscopy (TEM), Fourier transfor-
mation infrared (FTIR) spectroscopy, fluorescence spectroscopy, UV-Vis spectroscopy,
dynamic light scattering (DLS), and zeta potential (ZP) analysis. The basic cytotoxic
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effect of QDs was evaluated using Alamar Blue and colony forming efficiency (CFE)
assays. NIH/3T3 cells were used as FAR-negative controls. The migratory potential of
A549 cells exposed to the newly synthesized QDs was estimated using in vitro wound
healing assay (scratch assay). Genotoxicity, which was expressed as the induction of
DNA breaks, was assessed using the single-cell gel electrophoresis assay (comet assay).

Materials and methods

Materials

Sodium dihydrogen phosphate, disodium hydrogen phosphate, sodium chloride, potas-
sium 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%), MUA (95%), dimethyl sulfoxide (DMSO), Cys
(>97%), LA (>99%), N-hydroxy-succinimide (NHS), N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC), DOX hydrochloride, and FA (>97%) were all
purchased from Sigma-Aldrich, USA. Reagents and chemicals used in the nanocon-
jugate synthesis and cytotoxicity tests were of the highest purity available and used as
received.

Synthesis of Ag-In-Zn-S nanocrystals

The synthesis of Ag-In-Zn-S nanocrystals (QDs) and primary ligand exchange proce-
dures were performed following the earlier literature descriptions (Gabka et al. 2014,
2017). All operations were conducted under a constant dry argon flow. 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 QD,.,), and DDT (0.20 g, 1.00 mmol) were mixed with ODE (15 mL)
in a three-neck flask. The prepared mixture was heated to 150 °C until a homogenous
solution was formed. Then, sulfur (0.015 g, 0.47 mmol) dissolved in 1 mL of OLA
was quickly injected into the reaction solution. The temperature of the mixture was
increased to 180 °C and was maintained for 60 min. Then, the mixture was cooled to
room temperature and toluene (20 mL) was added. Further, the mixture was centrifuged
and the resulting black precipitate was separated. The collected supernatant was treated
with 30 mL of acetone, and the desired fraction of nanocrystals was obtained as a pre-
cipitate. The nanocrystals were separated by centrifugation (7000 rpm, 5 min) and then
redispersed in toluene.

Ligand exchange for 11-mercaptoundecanoic acid

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

A mixture of Cys (3.0 g, 24.8 mmol) and NaOH (1.5 g, 37.5 mmol) in water (10 mL) was
prepared under stirring and heated at 40 °C until a homogenous solution was formed.
Then, a toluene dispersion (10 mL) of nanocrystals was prepared as described and was
injected into this solution. The resulting two-phase mixture was heated at 40 °C for 4 h
under argon atmosphere. After cooling, the reaction mixture was centrifuged to achieve
complete phase separation, and the organic phase was discarded. Then, the water phase
was mixed with 20 mL of acetone, resulting in the precipitation of nanocrystals. After

centrifugation, the nanocrystals were redispersed in 10 mL of water.

Ligand exchange for lipoic acid

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

Synthesis of QD-FA-DOX nanoconjugates

FA was attached to the QD nanocrystals via the EDC/NHS coupling reaction, as shown
in Scheme 1. Briefly, 5 mL of QDs (10 mg-mL™") was diluted with 5 mL of a solution con-
taining 40 mM EDC and 10 mM NHS, and the resulting solution was stirred for 1 h. An
FA (5 mg; 10 mL) solution was prepared separately in phosphate-buffered saline (PBS)
with the addition of 1% DMSO. This prepared solution was added to the flask containing
the activated QD nanocrystals. The mixtures in the flask were incubated under stirring
overnight in ThermoMixer Eppendorf® at room temperature in dark. Then, the mixtures
of each type of QD-FA nanocarriers were dialyzed against distilled water for 5 days to
remove the unbound FA. The amount of the unbound FA present in the dialysis super-
natant was determined by UV-Vis spectroscopy. The difference in the absorbance of the
FA band (ca. 280 nm) between the initial solution and supernatant was determined to
calculate the amount of FA attached to the QD nanocrystals.

QD-FA-DOX nanoconjugates were prepared by the conjugation of DOX with the
QD-FA nanocarriers via amino groups. Briefly, the NHS/EDC-activated QD-FA
nanocarriers were added to a 1 mM solution of DOX in citrate buffer (Scheme 1). The
reaction was continued overnight at room temperature. Then, the mixtures of each
type of QD-FA-DOX nanoconjugates were dialyzed against distilled water for 5 days
to remove the unbound DOX. Finally, the obtained nanoconjugates were diluted with
water to achieve a QD concentration of 1 mg-mL~!. The amount of DOX conjugated
with the QD-FA nanocarriers was determined using the same procedure applied for
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Fig. 1 Transmission electron microscopy images of the QD nanocrystals (a) and their photoluminescence
spectra for dispersions in water (b). QD Ag-In-Zn-S nanocrystals modified with: 11-mercaptoundecanoic
acid (MUA), Cys L-cysteine, LA lipoic acid. Cop =5 mg-mL~"; A, =350 nm; PMT voltage: 700 V; PMT integration

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 ligand

exchange for MUA, Cys, and LA. TEM was used for size studies

Ligand Ag/In/Zn/Sppr/Ss Ag/In/Zn/S Size? pPLP (OAA
(nm) (nm) (%)
Initial ligands” 1.0/3.5/8.1/5.8/2.6 1.0/1.5/7.8/17.0 32404 543 480
MUA 1.0/1.2/5.6/94 31406 576 25.0
Initial ligands” 1.0/35/8.1/58/2.6 1.0/15/7.8/17.0 32404 543 480
Cys 1.0/6.8/14.3/154.2 31+10 524 16.0
Initial ligands” 1.0/35/8.1/58/2.6 1.0/1.5/7.8/17.0 32404 543 480
LA 1.0/1.0/8.8/25.1 30407 540 280

" Stearic acid and 1-aminooctadecane
2 Average diameter of nanocrystals (n =200) determined by TEM
b pL—maximum of the photoluminescence band

¢ Q.Y. photoluminescence quantum yield, DDT 1-dodecanethiol, S, sulfur, MUA 11-mercaptoundecanoic acid, Cys L-cysteine,

LA lipoic acid
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Scheme 1 Synthesis of the QD-FA nanocarriers and QD-FA-DOX nanoconjugates. QD Ag-In-Zn-S
nanocrystals modified with: 11-mercaptoundecanoic acid (MUA), Cys L-cysteine, LA lipoic acid, FA folic acid,
DOX doxorubicin

calculating the amount of FA anchored to the QD nanocrystals. From the calcula-
tion, it was determined that ca. 400 pM of DOX was attached to each type of QD-FA

nanocarriers (1 mg-mL™).

Applied characterization methods

Transmission electron microscopy (TEM)

TEM analysis was performed on a Zeiss Libra 120 electron microscope operating at
120 kV. The elemental analysis was carried out in a multichannel Quantax 400 EDS
system with 125-eV xFlash Detector 5010 (Bruker) using an electron beam of 15-kV
energy.

Fourier transformation infrared spectroscopy

FTIR spectroscopy was used to confirm the successful conjugation of DOX and FA com-
pounds to QDs. For this analysis, 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,
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QD-LA, FA, and DOX). The spectra were acquired in transmission mode on a Perki-

nElmer System 2000 spectrophotometer at a spectral resolution of 4 cm™!.

Fluorescence spectroscopy

Fluorometric measurements were performed using a Scinco-FS2 spectrofluorimeter
(Scinco, South Korea) in a low-volume (200 pL) optical cuvette (product no. 16.100
F/Q/10; Starna Scientific, Co, UK) which was compatible in terms of size and aper-
ture position with the apparatus. The excitation wavelength was adjusted to 350 nm
in compliance with preliminary measurements. The fluorescence spectra were
recorded from 360 to 690 nm with a maximum emission wavelength of ca. 535, 550,
and 543 nm for QD-MUA, QD-Cys, and QD-LA, respectively. The other parameters
including slit width (excitation: 5 nm, emission: 5 nm), PMT voltage (600 V), and scan
speed (600 nm-min~') were adjusted experimentally to achieve the best sensitivity
and linearity in the respective concentration range of the used compounds.

UV-Vis spectroscopy
The UV-Vis spectra were obtained with a PerkinElmer spectrometer (model Lambda
25) at a temperature of 21 °C using a quartz cuvette of 1-cm length.

Dynamic light scattering and zeta potential analysis

DLS and ZP measurements were performed using 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, for at least five times, with three freshly prepared samples.

Cell line

A549 (ATCC® CCL-185") and NIH/3T3 (ATCC® CCL-1658") cell lines were
obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). The
cells were cultivated under 5% CO, atmosphere at 37 °C in a CO, incubator (Mem-
mert, Schwabach, Germany). A549 cells were grown as an adherent monolayer in
F-12K medium (Kaighn’s modification of Ham’s F-12 medium; Gibco, Paisley, UK),
while NIH/3T3 cells were cultivated in Dulbecco’s Modified Eagle’s Medium (Gibco,
Paisley, UK), supplemented with 10% fetal bovine serum (FBS; Gibco, Paisley, UK)
and antibiotics (streptomycin, 50 pg-mL~!; amphotericin B, 1.25 pg-mL~%; gen-
tamicin, 50 pug-mL~Y; penicillin, 50 U-mL™?!) (Gibco, Paisley, UK).

Cytotoxicity assessment
Cytotoxicity of the studied compounds was assessed based on Alamar Blue and CFE

assays.

Alamar Blue assay

This assay was carried out according to the manufacturer’s instruction (Alamar Blue™
Cell Viability Reagent; Thermo Fisher Scientific, Life Technologies Corporation, Eugene,
OR, USA). A549 and NIH/3T3 cells were trypsinized (0.25% trypsin/EDTA solution;
Gibco, Paisley, UK) and plated in 96-well plates (Falcon; Corning, Durham, NC, USA) at
a density of 10* cells per well. After 24 h of cell adhesion, the A549 cells were exposed to
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increasing concentrations (0.1, 1, 5, 10, 25, 50, and 100 pg-mL™!) 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, and were further incubated for 24 h, while
the control cells were incubated with media. After incubation, the control medium and
the investigated compounds were removed. The cells were rinsed twice with PBS, and
100 pL of Alamar Blue solution (10% [v/v] solution of Alamar Blue dye in fresh medium)
was transferred to each well. Following 3 h of incubation (37 °C, 5% CO,, 90% humidity),
the Alamar Blue fluorescence was quantified using an Epoch microplate reader (BioTek)
at an excitation and emission wavelength of 560 and 590 nm, respectively. The viability
of cells was expressed as fluorescence counts in the presence of test compound, which
was recalculated as a percentage of the control cells (more details about the NIH/3T3
studies are provided in Additional file 1).

Colony forming efficiency assay

On the first day, the A549 cells (400/dish) were seeded in 3 mL of fresh complete medium
in 60-mm Petri dishes. After 24 h of incubation (37 °C, 5% CO,, 90% humidity), the cells
were treated with the most promising QD nanoconjugates, i.e., those that revealed sig-
nificant cytotoxicity in the Alamar Blue assay, and with free DOX. The concentration val-
ues of the QD nanoconjugates was selected based on the Alamar Blue data by applying
values close to their ICy, concentration (QD-MUA-FA-DOX: 1 and 5 pg-mL~}, QD-
Cys—FA-DOX: 10 and 25 pg-mL~!, QD-LA-FA-DOX: 5 and 10 pg-mL™}, and DOX:
0.1 and 1 pug-mL™"). Three replicates per each concentration were performed. Positive
control (sodium chromate, Na,CrO,, 100 pM), negative control (medium), and solvent
control (PBS) were used in parallel studies. The cells were treated for 72 h, and then, the
incubated medium with added nanoconjugates or DOX was removed and completely
replaced with fresh culture medium. After the next 72 h, the cells were fixed and stained
with a fixing solution of 10% (v/v) formaldehyde in PBS and a staining solution of 10%
(v/v) Giemsa in ultrapure water, respectively. The Petri dishes were air-dried before col-
ony counting. The colonies were counted using a stereoscopic microscope (Opti-Tech
Scientific).

In vitro scratch assay

The scratch assay was carried out based on the protocol published by Liang et al. (2007).
Briefly, A549 cells (1.5 x 10° cells/well) were seeded in 24-well plates to grow in a mon-
olayer for 24 h. Then, a “scratch” was created with a sterile 20—200 pL pipette tip in each
well. The detached cells were removed by washing twice with PBS. Afterward, 250 pL
of both fresh medium without FBS and the most promising QD nanoconjugates at the
final IC,, concentration were added and incubated for 72 h. Fresh medium without FBS
was used as control, while the positive control was medium with 10% FBS. Three repli-
cates 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 the experiment using a microscope (Delta Optical
NIB-100) at a magnification of x 4. The scratch images were analyzed using Image]J, and



Ruzycka-Ayoush et al. Cancer Nano (2021) 12:8 Page 10 of 27

the scratch area was calculated. The migration of cells toward the scratch was expressed
as a percentage of scratch closure:
Ai—on — A=
% of wound closure = Z=0h 7 A=Ak 100%, (1)
At=0h
where A, _ 1, is the area of wound measured immediately after scratching and A, _ 5 ,
is the area of wound measured 24, 48, or 72 h postscratching (Yue et al. 2010).

Comet assay

For the comet assay (single-cell gel electrophoresis), A549 cells (2.5 x 10° cells/well) were
seeded in 24-well plates to grow in a monolayer. After 24 h of cell adhesion, the cells
were exposed to the final /Cy, concentration of the most promising QD nanoconjugates
and to free DOX, and were further incubated for 24 h. The control cells were incubated
with media and PBS. The positive control consisted of control cells that were X-irradi-
ated (2 Gy) in an ice water bath, using a Smart200 (Yxlon) defectoscope operating at
200 kV and 4.5 mA, with 3-mm Al filtration, at a dose rate of 1.14 Gy/min. After incu-
bation, the A549 cells were trypsinized and an aliquot of cells was mixed with an equal
volume of 2% low-melting-point agarose (Type VII). The cells were placed on a micro-
scope slide precoated with 0.5% regular agarose (Type I-A). The slides were immediately
placed in a lysis solution and then on a horizontal gel electrophoresis unit filled with
fresh electrophoresis buffer (1 mM Na,EDTA and 300 mM NaOH, pH> 13 for 40 min
for DNA unwinding). Next, electrophoresis was performed (1.2 V-cm™}, 30 min, 10 °C),
and then the slides were washed with 0.4 M Tris (pH 7.5, 3 x 5 min) and stained with
DAPI (50 pL, 1 pg-mL~1). Images of 100 randomly selected comets per slide were cap-
tured at a magnification of x 200 using a fluorescence microscope (Labophot-2, Nikon,
Japan) which was equipped with a Pulnix TM765 CCD camera (JAL Japan). Image anal-
ysis of the data was performed in Comet v.3.0 software (Kinetic Imaging Ltd., UK).

Statistical analysis

Data are presented as the mean value £ SD. The study was conducted in at least three
independent runs. Graphs were prepared in GraphPad Prism 9 (GraphPad Software,
Inc, La Jolla, CA, USA). Statistical analysis was performed with Statistica and GraphPad
Prism software using an unpaired ¢-test or Mann—Whitney U test. P<0.05 was consid-
ered statistically significant.

Results and discussion

Qualitative features of the FTIR spectra of the QD-FA nanocarriers and QD-FA-DOX
nanoconjugates

The exact details about the functional groups involved in conjugation between the
QD nanocrystals and FA and DOX can be obtained by comparison of the FTIR spec-
tra of pure QDs, FA, and DOX with that of the QD-FA nanocarriers and QD-FA-
DOX nanoconjugates. The FTIR spectra of pure components, nanocarriers, and
nanoconjugates are given in Fig. 2. For all the studied QD nanocrystals (Fig. 2a), the
characteristic stretching vibrations of C=0 at ca. 1560 cm™' and O-H in-plane band

1

for carboxylate groups at ca. 1410 cm™ " were visible. As shown in Fig. 2b, for pure FA,
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Fig. 2 Representative Fourier transformation infrared spectra of the 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. QD Ag—In—-Zn-S nanocrystals modified with:
11-mercaptoundecanoic acid (MUA), Cys L-cysteine, LA lipoic acid, FA folic acid, DOX doxorubicin

the stretching vibration of C=0 was noted at 1696 cm ™!, while the band at 1607 cm™*
was related to the bending mode of the NH- vibration. The bands between 1513 and
1485 cm ™! were attributed to phenyl and pterin rings (Zhang et al. 2008). In turn, the
FTIR spectrum of DOX indicated characteristic bands at 1730 cm™' (C=O stretch,
ketone), 1630 cm ™! (C=O stretch), 1282.7 cm ™! (C—O—C, stretch), 1114 cm™! (C—O
stretch, tertiary alcohol), 1070 cm™! (C—O stretch, secondary alcohol), and 988 cm™*
(C—O stretch, primary alcohol) (Kanwal et al. 2019; Stanishevsky et al. 2011). The
FTIR spectrum of the QD-FA nanocarriers presented in Fig. 2c shows the character-
istic bands for QD nanocrystals and FA. The effect of conjugation of QDs with FA via
amide bond was characterized by amide I and amide II bands. The amide I band cor-
responded mainly to the C=0 stretching vibration of the amide groups and occurred
in the region 1600—-1700 cm™'. The amide II band (1480-1575 cm™!) was attributed
to N-H bending (40-60%) and C-N stretching (18-40%) vibrations (Coates et al.
2000, Thomas et al. 1977). After covalent (via amide bond, Fig. 2d) conjugation of
DOX to QD-FA nanocarriers, several important features characteristic of this drug
appeared on the FTIR spectrum of the QD—-FA-DOX nanoconjugates. Additionally,
a small shift in the amide I and amide II positions was observed with respect to pure
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components. Moreover, the presence of the bands that are characteristic of the drug,

at ca. 1300 cm ™}, confirmed the successful attachment of DOX.

QD fluorescence quenching studies as a proof of QD and FA conjugation

The interactions of FA with each type of QD nanocrystals were examined using fluores-
cence titrations. The effect of FA concentration on the emission spectra of appropriate
QDs is illustrated in Fig. 3. The examined QD-MUA, QD-Cys, and QD-LA nanocrys-
tals were characterized by an emission maximum at ca. 573, 545, and 551, respec-
tively. In all the cases, the addition of FA led to a gradual decrease in fluorescence with
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Fig. 3 Fluorescence quenching of QDs by FA in 0.02 M phosphate-buffered saline of pH 7.4 (n=5). Insets:
Stern-Volmer plots of QD quenching fluorescence as a function of FA concentrations. Experimental
conditions: Cop=1 mg-mL”; Cia=0.025,0.05,0.25,0.5,1.5, 2, 3,4,and 5 uM; A, =350 nm; PMT voltage:
700 V; PMT integration time: 20 ms; scan speed: 600 nm-min~"'. QD Ag-In-Zn-S nanocrystals modified with:
11-mercaptoundecanoic acid (MUA), Cys L-cysteine, LA lipoic acid, FA folic acid
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an increase in concentration in the solutions. In particular, for the highest FA content
(5 uM), the fluorescence intensities were quenched to ca. 80 and 75% of the original
value of QD—-MUA and QD-Cys or QD-LA, respectively. The QD—FA interactions can
be quantitatively described by the quenching constant (K) of the QD—FA nanocarriers
using the Stern—Volmer equation (Li et al. 2005, Olsztynska et al. 2011, Pyle et al. 1989):

!
70 =1+ Kgsv - Cga, (2)

where Cp, is the molar concentration of FA and /; and I are the fluorescence inten-
sities of QD in the absence and presence of FA, respectively. Ky values were calcu-
lated from the slopes of the each plot of I,/I=f (Cg,) and were equal to (3.740.3)-10%
(5.7£0.4)-10% and (6.740.5)-10* M~! for QD-MUA-FA, QD-Cys—FA, and QD-LA-
FA, respectively. The Stern—Volmer plots were linear (insets in Fig. 3), so only one type
of quenching process occurred, either static or dynamic (Lakowicz et al. 2010; Zhong
et al. 2001). The simplest way to distinguish the static from dynamic quenching is to
monitor the changes in Ky as a function of temperature (Lakowicz et al. 2010). The
increase of Ky value with temperature indicates dynamic quenching, while the opposite
behavior is typical for static quenching. For all the QD—FA nanocarriers, a decrease in
Ky value was observed with an increasing temperature. Such behavior suggested that
static quenching occurred and, subsequently, the quenching constant could be consid-
ered as association constant.

Size and physical stability of the QD-FA nanocarriers and QD-FA-DOX nanoconjugates
The size of the QD nanocrystals, QD-FA nanocarriers, and QD-FA-DOX nanoconju-
gates was considered as one of the qualitative parameters proving the successful conju-
gation process. Based on the DLS studies, the diameter of the QD nanocrystals dispersed
in PBS buffer was determined to differ in the range of 11-19 nm depending on the type
of surface ligand (Fig. 4).

It should be stressed that the hydrodynamic diameter of QD nanocrystals was signifi-
cantly higher than those determined from the TEM images (Table 1). The highest diam-
eter of QD nanoconjugates was observed for those with LA as a surface ligand. This can
be explained by the different number of zinc atoms, and in consequence, the differences
in the number of ligands stabilizing them. Probably, two coordination spheres of ligands
exist. The first sphere contains ligands directly bound to the surface, while the second
includes free ligands that are in balance with the first-sphere ligands. During biocon-
jugation, the size of the QD nanocrystals increased along with another modification of
their surface by FA and DOX. The tendency of nanocarriers to accumulate in the target
tissue depends on their physicochemical properties including particle size and distribu-
tion. The safe, stable, and efficient nanocarriers require the preparation of homogenous
(monodisperse) populations, characterized by a certain particle size. The polydispersity
index (PDI), defining the degree of nonuniformity of the size distribution of particles,
decreases with the subsequent modifications of QD nanocrystals (Fig. 4). A reduction
in PDI testifies that the size distribution of nanoparticles is narrowing. A PDI value of
greater than 0.2 is mainly seen in the case of highly monodisperse nanocrystals.



Ruzycka-Ayoush et al. Cancer Nano (2021) 12:8

e p— PDI=0.159
PDI = 0.274 |
LA 18.8 nm | 21.3nm 22.5nm
PDI=0.188 PDI=0.145
PDI=0.194
Cys 14.0 nm 16.6 nm 17.6 nm /
PDI=oAo7 PDI = 0.159 /
PDI=0.217 /
MUA 11.5 nm 142 nm 15.1 nm
QD QD-FA QD-FA-DOX
nanocrystals nanocarriers nanoconjugates
Fig. 4 Mean size and polydispersity index of the QD nanocrystals, QD-FA nanocarriers, and QD-FA-DOX
nanoconjugates dispersed in phosphate-buffered saline based on dynamic light scattering studies (n=5).
QD Ag-In-Zn-S nanocrystals modified with: 11-mercaptoundecanoic acid (MUA), Cys L-cysteine, LA lipoic
acid, FA folic acid, DOX doxorubicin

Table2 ZP values of the QD nanocrystals, QD-FA nanocarriers, and QD-FA-DOX
nanoconjugates obtained in PBS buffer (n=5)

MUA Cys LA

QD — 233424 — 243435 — 109412
QD-FA — 341426 — 278427 — 132422
QD-FA-DOX — 155435 — 172419 — 62411

QD Ag-In-Zn-S nanocrystals modified with: 11-mercaptoundecanoic acid), Cys L-cysteine, LA lipoic acid, FA folic acid, DOX
doxorubicin

ZP was considered as one of the decisive factors of the stability of QD nanocrystals,
QD-FA nanocarriers, and QD-FA-DOX nanoconjugates. The obtained ZP values
are shown in Table 2. ZP plays an essential role in the stability of the QD-FA-DOX
nanoconjugates. The higher the ZP value (positive or negative), the more stable is
the dispersion. In general, nanoparticles with a ZP value of greater than +30 mV or
less than — 30 mV have a high degree of stability. Dispersions with a ZP value of less
than+25 mV or greater than — 25 mV will eventually agglomerate due to interpar-
ticle interactions, including van der Waals and hydrophobic interactions, as well as
hydrogen bonding. In this study, the smallest ZP values were observed for the QD-
FA-DOX nanoconjugates among the tested types of QDs. This fact suggests that such
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Table 3 Mass of FA and DOX anchored to 1 g of each type of QD nanocrystals

mg,/19QD Mpox/19 QD

[mg] [mg]

Exp Theor Exp Theor
QD-MUA 11 28 46 56
QD-Cys 13 50 54 102
QD-LA 9 21 39 42

QD Ag-In-Zn-S nanocrystals modified with: 11-mercaptoundecanoic acid), Cys L-cysteine, LA lipoic acid, FA folic acid, DOX
doxorubicin

Table 4 Diameter (¢), radius (r), density (p), volume of single QD molecules (Vqp),
and the number of QD molecules (Nqp)

¢ r p Vao Nqp

[nm] [nm] [g-cm™3] [em™3] in1g
QD-MUA 1.5 57 451 7.75-107" 2.86-10"
QD-Cys 14.0 7.0 263 6.23-1071° 6.10-10"
QD-LA 188 94 3.60 3481078 7.99.10'

¢ QD nanoparticle diameter, r QD nanoparticle radius, p:QD density determined on the basis of the density of its
components, V, volume of a single QD molecule (Vgp = %nr3), Ngp number of QD molecules in 1 g, QD Ag-In-Zn-S
nanocrystals modified with: 11-mercaptoundecanoic acid (MUA), Cys L-cysteine, LA lipoic acid

behavior might be favorable for the release of DOX from nanoconjugates in the cell

culture medium.

Quantitative analysis of the QD-FA nanocarriers and QD-FA-DOX nanoconjugates
The amount of FA and DOX covalently anchored to the surface of QD nanocrystals was
determined from the UV-Vis analysis (Table 3).

It should be noted that these values corresponded to ca. 30—40% of the maximal value
for FA, which most likely represents the lower limit of surface coverage. This is probably
due to steric reasons, as some FA molecules lie on the ligand layer at the QD surface
and efficiently block the conjugations sites. The mass of DOX covalently attached to the
QD-FA nanocarriers corresponded to ca. 50-80% of the maximal value for FA, which
most likely represents the higher limit of surface coverage. It is possible that DOX mole-
cules were anchored to the QD—FA nanocarriers via amide bonds with FA molecules, as
well as directly with the ligand at the QD surface. While calculating the maximal mass of
FA and DOX, it was assumed that DOX molecules are two-dimensionally closely packed
on the surface of QD, and the maximal number of DOX molecule per QD molecule is:

Sep _ 4nr? _ 905, 175 and 550 for QD-MUA, QD-Cys, and QD-LA, respectively;

Spox Tr
and SS% = 4;:22 =132, 113 and 355 for QD—-MUA, QD—-Cys, and QD-LA, respectively.

Taking into account the composition of the studied QD nanocrystals—QD-
MUA  (Ag) poln; 50Zn5605940)  QD-Cys  (Ag 00Ingg0Zn 1430515020, and  QD-LA
(Agy goln; 0oZng goSe5 10)—the densities of QDs were determined from the density of their
components and are presented in Table 4. From the volume of a single QD molecule, the
number of QDs in 1 g, the mass of FA or DOX corresponding to the maximal number
of QD, and the maximal (theoretical) mass of FA and DOX covalently attached to 1 g of
QD nanocrystals were estimated.
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DOX is an anticancer drug commonly used to treat leukemia, organ tumors, Hodgkin’s
disease, and bladder, stomach, lung, and thyroid cancer (Wakharde et al. 2018). Due to
cardiotoxicity and myelosuppression, DOX has a very narrow therapeutic index (Jung
and Rezska 2001). Moreover, drug resistance is also an important issue associated with
the use of DOX. To eliminate the undesirable side effects, DOX is commonly equipped
with an appropriate nanocarrier. Targeted drug delivery (TDD) nanosystems increase
the therapeutic activity of the drug by improving its solubility and stability and enhanc-
ing the amount of drug delivered to the target tissue (Maghsoudnia et al. 2020). Many
types of DOX carriers are known ranging from metal or carbon nanoparticles, to lipid
carriers such as liposomes and QDs (nanocrystals) (Li et al. 2017, Silverman et al. 2013,
Verma et al. 2015). The latter have enormous potential in both therapy and diagnos-
tics. However, the main drawbacks of QDs, namely core toxicity and low hydrophilicity,
impede their widespread implementation. To improve the hydrophilicity and biocom-
patibility of QD nanocrystals, many different strategies have been applied including the
attachment of hydrophilic moieties to their surface (Derfus et al. 2003; Kaaki et al. 2012;
Michalet et al. 2005), and their encapsulation within amphiphilic copolymer micelles
(Gao et al. 2005), phospholipid micelles (Dubertret et al. 2002), or silica polymers (Ger-
ion eta al. 2001). Modification of the surface of QDs limits their tendency to aggregate,
significantly reduces their cytotoxicity, and also allows overcoming drug resistance
mechanisms. However, labeling of QDs with target-specific ligands, such as FA, aptam-
ers, peptides, and antibodies, unfortunately increases their size significantly (Jin et al.
2020). The size of a nanocarrier and its drug conjugate has an influence on the cellular
uptake and tumor permeability of nanoparticles (Albanese et al. 2012; Chauhan et al.
2012; Hobbs et al. 1998; Peretz et al. 2012). In the case of lung cancers, drug delivery sys-
tems with a diameter less than 50 nm are characterized by optimal efficiency of delivery
into the pulmonary system (Hussain et al. 2001; Xu et al. 2019). Taking into account the
size of QD-FA-DOX as well as the content of DOX in the nanoconjugate, our proposi-
tion seems to be very attractive (Table 5).

Cytotoxicity assessment
One of the most important objectives of our study was to assess the cytostatic activ-
ity of the as-obtained QD nanoplatforms loaded with and without DOX. Therefore,

Table 5 Comparison of the QD-FA-DOX nanoconjugates

Nanoconjugate Size PDI DOX content Ref

[nm] [%]
Ag,S NIRQD-PEG-FA-DOX 27 0.291 367 Duman et al. 2017
ZnO:Mn*? QD-CHI-FA-DOX 294 0.228 - Bajwa et al. 2016
MSNs-CDs@FA-DOX 75 — 25 Zhaoetal. 2019
QD-MUA-FA-DOX 15.1 0.159 4.6 This work
QD-Cys-FA-DOX 17.6 0.145 54
QD-LA-FA-DOX 225 0.159 39

Ag,S NIRQDs Ag,S near-infrared quantum dots, CDs carbon dots, CHI chitosan, Cys L-cysteine, DOX doxorubicin, FA folic
acid, LA lipoic acid, MSNs amino-modified mesoporous silica nanoparticles, MUA 11-mercaptoundecanoic acid, PD/
polydispersity index, PEG amine-polyethylene glycol-valeric acid
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relevant tests were conducted on A549 cells, with the commonly used anticancer
drug DOX alone serving as a reference compound.

Alamar Blue assay

In the present study, A549 cells were in vitro-treated with QD—-MUA, QD-Cys, and
QD-LA nanocrystals; QD-MUA-FA, QD-Cys-FA, and QD-LA-FA nanocarriers;
and QD-MUA-FA-DOX, QD-Cys—-FA-DOX, and QD-LA-FA-DOX nanoconju-
gates; as well as free DOX for 24 h. NIH/3T3 cells were used as FAR-negative con-
trols (Additional file 1). The results of the cell viability measurements showed the
lowest reduction of Alamar Blue for A549 cells treated with the QD-Cys—FA-DOX
nanoconjugates (Fig. 5d). QD-MUA-FA-DOX nanoconjugate was found to be the
most cytotoxic among the studied nanoconjugates (Fig. 5d) since its ICy, value was
1.7 pg-mL™! (95% CI: 0.9-2.7 pg-mL™"), while the ICs, values determined for QD-
Cys-FA-DOX and QD-LA-FA-DOX nanoconjugates were 10.5 pg-mL™~' (95% CIL:
7.7-13.8 pg-mL ") and 5.5 pg-mL~" (95% CI: 4.0-7.3 pg-mL™"), respectively. The suc-
cessful application of Ag—In-Zn-S QDs with MUA as a linker in anticancer ther-
apy has been recently reported by Pilch et al. (2020). The authors used QD-MUA
as a carrier of bisacridine derivatives (UAs) for enhancing their cytotoxicity toward
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Fig. 5 Viability of human lung carcinoma cells (A549) treated with QDs coated with MUA (a), Cys (b), LA (c),
and QDs (d) functionalized with FA and DOX and free DOX. Data were obtained from three independent
experiments (n=6). ***P<0.0001 vs. A549 cells treated with 50 pug-mL~" of QD-MUA and QD-MUA-FA
(unpaired t-test). QD Ag-In-Zn-S nanocrystals modified with: 11-mercaptoundecanoic acid (MUA), Cys
L-cysteine, LA lipoic acid, FA folic acid, DOX doxorubicin
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cancerous cells. As a result, they observed an increase in the therapeutic efficiency of
UAs toward lung (H460) and colon (HCT116) cancer cells, while protective effect on
normal cells was preserved.

No cytotoxic effect was observed for the studied QD nanocrystals, except QD—-MUA,
at the highest concentration (Fig. 5a). A significant cytotoxic effect was observed for
QD-MUA after treatment at a concentration of 100 pg-mL™’, similarly to its deriva-
tive (QD-MUA-FA) obtained by the conjugation of FA (Fig. 5a). In both cases, about
40% loss of cell viability was noted in comparison to the preceding studied concentra-
tion (50 pg-mL~"). In other recent studies, no cytotoxicity of QD—MUA on H460 and
HCT116 cancerous cells and on MRC-5 and CCD 841CoN normal cells was reported
(Pilch et al. 2020). Interestingly, the cytotoxicity of MUA in the absence of QDs core was
investigated by Hoshino et al. who revealed severe toxic effects at doses greater than
100 pg-mL~! within 12 h of treatment (Hoshino et al. 2004). It should be noted that
FA-functionalized QDs were found to have an ambiguous effect on the cytotoxicity of
studied cells. The treatment of A549 cells with the highest applied concentration of QD—
Cys—FA slightly increased their viability (Fig. 5b), whereas treatment with QD-LA-FA
did not influence the cells regardless of the tested concentrations (Fig. 5c). It was previ-
ously reported that FA plays a great role as a ligand in targeted cancer therapy; however,
its excessive supplementation may lead to neocarcinogenesis and promote the progres-
sion of some cancers (Araghi et al. 2019, Oliai et al. 2019; Petersen et al. 2012; Pieroth
et al. 2018). In this study, A549 cells were also treated with free DOX. The Alamar Blue
assay revealed a quite different profile for free DOX and DOX-conjugated QDs as the
IC, of DOX was established at 0.8 pg-mL ™" and that of QD—-MUA—-FA-DOX (QD with
the highest cytotoxic effect) at 1.7 ug-mL~L. It must be emphasized that 1.7 pg-mL~! of
QD-MUA-FA-DOX contained 0.08 pug-mL™~" of DOX, which is 10 times lesser than the
IC;, value of free DOX. One has to be noted that QD-based nanocarriers contained a
lower amount of DOX as compared to free DOX used in the cytotoxicity assay (Table 3).

In this study, NIH/3T3 cells were used as an FAR-negative cell line and as a refer-
ence for the assessment of DOX delivery through the FAR to A549 cells in the experi-
ment (Elkhodiry et al. 2016). It was found that the IC;, value of QD-MUA-FA-DOX
for A549 cells was c.a. 3.5 times lesser than that for NIH/3T3, while the IC,, values of
free DOX for both lines were at a comparable level (ICs, 5549=0.6 pg-mL~! and ICj,
Nitysr3 = 0.8 pg-mL~1). This suggests the successful delivery of DOX to A549 cells by the
proposed QD-based TDD system decorated with FA ligands which navigate to FARs on
lung cancer cells (Additional file 1).

Colony forming efficiency assay

CFE assay is used for the assessment of cytotoxicity induced by both chemicals and
nanomaterials, based on the ability of a single cell to form a colony (Bendale et al. 2017).
The assay provides information on the number of colonies, which is an important
parameter of tumor growth and progression. It is also considered to be a promising tool
to study label-free nanomaterials (noncolorimetric, nonfluorescent), and therefore limits
the possibility of interferences especially associated with optical detection (Ponti et al.
2014).
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Solvent Control Control Positive Control

QD-MUA-FA-DOX 1 pg/ml QD-Cys-FA-DOX 10 pg/ml QD-LA-FA-DOX 5 pg/ml

QD-MUA-FA-DOX 5 pg/ml QD-Cys-FA-DOX 25 ng/ml QD-LA-FA-DOX 10 pg/ml
Fig. 6 Representative microscopic images of A549 cells from colony forming efficiency assay. Solvent
control and control images present the fully developed colonies with > 50 cells. Images from QD-treated
cells present colonies of 2-10 cells or single cells. Images were obtained under a stereoscopic
microscope (Opti-Tech Scientific) at a magnification of x 2. QD Ag-In-Zn-S nanocrystals modified with:
11-mercaptoundecanoic acid (MUA), Cys L-cysteine, LA lipoic acid, FA folic acid, DOX doxorubicin

In this study, the CFE assay was used to confirm the growth inhibition of A549 cells
by the most promising QD nanoconjugates at the concentrations exhibiting the sig-
nificant the cytotoxic effect (i.e., all the QD nanoconjugates with FA and DOX), as
established based on the Alamar Blue test. The control and solvent control revealed
a plating efficiency of more than 45% (Fig. 6). As a rule, colonies with more than 50
cells should be counted in the CFE assay (Bendale et al. 2017); however, in our experi-
ment, the selected concentrations of the QD nanoconjugates strongly suppressed the
growth of A549 cells, leading to a reduction in the number and size of colonies with
more than 50 cells within. As a consequence, no colonies of 50 cells were evidenced
(excluding both controls). Nevertheless, many small colonies containing 2—-10 cells
were observed (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, these occurred in a large minority. Taken together, this indicates that all
QD nanoconjugates strongly inhibited the growth ability of A549 cells. Interestingly,
among the colonies formed, a different shape was observed for the treated cells as
compared to the respective controls (Fig. 6).

The CFE assay revealed that treatment with QD nanoconjugates enhanced cell

death in a concentration-dependent manner as a reduction in the size and number of
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Fig. 7 Number of colonies made of 2-10 human lung carcinoma cells (A549) treated with QD-MUA-FA-
DOX, QD-Cys—FA-DOX, and QD-LA-FA-DOX. Data were obtained from three independent experiments.
*P<0.05,**P<0.01, **P<0.001, and ****P<0.0001, between the studied concentrations (unpaired t-test). QD
Ag-In-Zn-S nanocrystals modified with: 11-mercaptoundecanoic acid (MUA), Cys L-cysteine, LA lipoic acid,
FA folic acid, DOX doxorubicin

colonies was observed (Fig. 7). The statistical analyses also revealed significant differ-
ences (P<0.05) among the compared groups. The greatest decrease in the number of
colonies containing 2—10 cells (P <0.0001) was observed for QD—Cys—FA-DOX after
treatment at a concentration of 25 ug-mL™! in comparison to 10 ug-mL™".

In vitro scratch assay

Cell migration is a multistep process which is fundamental to normal biological, as well
as pathological, events such as cancer metastasis (Jonkman et al. 2014). In this study, an
in vitro scratch assay was performed to determine the migratory/invasive potential of
A549 cells after exposure to QD nanoconjugates. The principle of this method involves
the determination of the time at which the artificial gap created by a tip is closed by the
cells from the edge of the newly created gap. The rate of cell migration was estimated
by comparing the images obtained at the beginning and at regular intervals during the
migration of cells to close the scratch (Fig. 8).

The in vitro scratch assay revealed statistically significant inhibition (P<0.05) of A549
cells after QD—MUA-FA-DOX treatment at /Cy, within 24 and 72 h postscratching in
comparison to control (Fig. 9). The other studied QDs or free DOX did not reveal signifi-
cant inhibition of cell migration compared to control. In previous studies, a considerable
wound healing rate was observed by Sheng et al. for A549 cells treated with 1 pM DOX
(0.54 pg-mL™1) at 24 h of incubation (Sheng et al. 2018) and by Li et al. for cells treated
with 4 pg-mL~ DOX at 48 h of incubation (Li et al. 2019).
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Fig. 8 Effect of QD-MUA-FA-DOX, QD-Cys-FA-DOX, QD-LA-FA-DOX, and DOX on the migratory potential

of A549 cells in vitro. Images were acquired at 0, 24, 48, and 72 h. QD Ag-In-Zn-S nanocrystals modified with:
11-mercaptoundecanoic acid (MUA), Cys L-cysteine, LA lipoic acid, FA folic acid, DOX doxorubicin

Comet assay

The comet assay was carried out to determine the genotoxicity of the as-synthesized QD—-
FA-DOX nanoconjugates. This assay enables the detection of DNA damage in a single
cell through the measurement of chromatin release during high-pH electrophoresis pro-
ceeded by exposure to lysis detergents and high amount of salts. The release of chroma-
tin resembling comet structure is caused by genotoxic insult which is indicated by DNA
strand breaks. The representative “comets” are counted under a fluorescence microscope
which provides information about the DNA damage, estimated based on the intensity of
the comet tail relative to the head (Collins et al. 2004; Stice et al. 2019). In this study, the
in vitro comet assay was carried out on A549 cells treated with QD-MUA-FA-DOX,
QD-Cys—FA-DOX, QD-LA-FA-DOX, or DOX as a reference, after 24 h of exposure.
Statistically significant differences were observed in DNA damage between the cells
treated with IC, and untreated control for all synthesized QD-FA-DOX nanoconjugates,
but not for free DOX (Fig. 10). No difference from the control was observed for the com-
pounds at the IC,, concentration. The representative comets are shown in Fig. 11.

DOX is a well-known substrate of MDR protein, especially ABCB1 protein (also
known as MDRI1 protein) (Bosch et al. 1996; Takara et al. 2006). Since ABCBI is a
transmembrane protein, the extracellularly added DOX is exported directly from the
vicinity of the outer membrane and thus does not even enter the cell interior (Takara
et al. 2006). This likely explains the neglectable genotoxicity of free DOX, as the com-
pound must reach the nucleus and DNA to exert its toxicity. On the other hand, FA
present on the surface of nanoconjugates apparently dodges the action of ABCB1
protein by ligand-receptor interactions and enables DOX delivery to the cytoplasm.
Moreover, FA-containing nanoconjugates might be able to deliver DOX to the cell
nucleus, as proved for ultra-small gold nanoparticles conjugated with LA/FA/DOX
complex (Dzwonek et al. 2018). Our results confirm this observation as the genotox-
icity of FA/DOX-containing nanoconjugates was higher than the genotoxicity of free
DOX. In addition, referring to the genotoxicity of QD-MUA-FA-DOX, its linker
(MUA) alone was previously reported to be genotoxic at doses greater than or equal
to 50 pg-mL~! within 2 h of treatment (Hoshino et al. 2004; Jamieson et al. 2007).
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Fig.9 Percentage of wound closure area plotted over time for QD-MUA-FA-DOX, QD-Cys—-FA-DOX,
QD-MUA-LA-DOX, and free DOX at the final ICs, concentration. Data were obtained from three
independent experiments and presented as mean £ SD. *P<0.05, **P<0.01, ***P<0.001, and ****P < 0.0001,
between the studied concentrations (unpaired t-test). QD Ag-In-Zn-S nanocrystals modified with:
11-mercaptoundecanoic acid (MUA), Cys L-cysteine, LA lipoic acid, FA folic acid, DOX doxorubicin

Conclusions

In this study, nanoconjugates of DOX and FA with Ag-In-Zn-S QDs modified with
three different drug carriers (MUA, Cys, LA) were synthesized and characterized. The
physicochemical properties of all QD nanocrystals, QD—FA nanocarriers, and QD-FA-
DOX nanoconjugates were investigated using TEM, FTIR spectroscopy, DLS, ZP anal-
ysis, fluorescence spectroscopy, 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 establishing the hydrodynamic diam-
eter of the as-synthesized QDs. The results from the FTIR spectroscopy evidenced the
successful attachment of FA to QD nanocrystals and DOX to QD-FA nanocarriers.
The conjugation of FA to QDs nanocrystals was also proven by fluorescence quench-
ing of QDs. The UV-Vis analysis revealed the actual mass of FA and DOX covalently
anchored to the surface of QD nanocrystals. The data obtained from the investigation
of ZP demonstrated the smallest potential values for QD—Cys—-FA-DOX, QD-MUA-
FA-DOX, and QD-LA-FA-DOX nanoconjugates indicating the favorable release of
DOX from nanoconjugates in the cell medium. Among the three nanoconjugates, QD—
Cys and QD—MUA nanocarriers were found to be attached to the highest amount of FA
and DOX, with facilitated docking to FARs on adenocarcinomic human alveolar basal
epithelial cells (A549) and providing more DOX into the cells. However, no such effect
was found for the NIH/3T3 cells used as FAR-negative controls, indicating the targeted
treatment of QD-MUA-FA-DOX against A549 lung cancer. The Alamar Blue cytotox-
icity assay 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 the nanoconjugates, QD—-MUA-FA-DOX
occurred to be the most cytotoxic against A549 cells, which may be explained by the
mild cytotoxicity of MUA itself. In turn, the CFE assay revealed complete cell inhibi-
tion by all nanoconjugates at concentrations close to the ICy, values determined by
the Alamar Blue assay. The in vitro scratch assay also showed significant inhibition of
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Fig. 10 Percent of DNA damage in A549 cells after treatment with QD-MUA-FA-DOX, QD-Cys—FA-DOX,
QD-LA-FA-DOX, and DOX at IC,, and ICg,. *P < 0.05, **P < 0.01, ***P<0.001, and ****P <0.0001, between
the studied concentrations (unpaired t-test). Data were obtained from three independent experiments and
presented as mean =% SD. QD Ag-In-Zn-S nanocrystals modified with: 11-mercaptoundecanoic acid (MUA),
Cys L-cysteine, LA lipoic acid, FA folic acid, DOX doxorubicin

Control QD-MUA-FA-DOX QD-Cys-FA-DOX
Control2 Gy QD-LA-FA-DOX

Fig. 11 DNA damage of A549 cells after 24 h of treatment with the compounds at /Cs,, detected by the
comet assay. Images were obtained from a fluorescent microscope. QD Ag—In-Zn-S nanocrystals modified
with: 11-mercaptoundecanoic acid (MUA), Cys L-cysteine, LA lipoic acid, FA folic acid, DOX doxorubicin

A549 cell migration, only for treatment with QD—MUA-FA-DOX at ICy,. On the other
hand, the comet test demonstrated significant genotoxicity of all QD nanoconjugates at
concentrations close to ICy,. A higher genotoxicity was also observed for free DOX at
IC;,; however, it was not statistically significant, suggesting the higher genotoxicity of
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FA/DOX-containing nanoconjugates than that of DOX alone. Thus, the proposed QDs
can perfectly fulfill their role in the targeted delivery of DOX to lung cancer A549 cells,
which are well designed for preclinical animal studies.
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