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DOI: 10.1039/x0xx00000x Carbon nanodots (CNDs) hold great potential in imaging and drug delivery applications. In this study,

nitrogen-doped CNDs (NCNDs) were coupled to the anticancer agent paclitaxel (PTX) through a labile
ester bond. NCNDs showed excellent cell viability and endowed the NCND-PTX conjugate with good
water solubility. The hybrid integrates the optical properties of the nanodots with the anticancer
function of the drug into a single unit. The cytotoxicity was evaluated in breast, cervix, lung, prostate
cancer cell lines by the MTT assay while the cellular uptake was monitored using confocal
microscopy. NCND-PTX induced apoptosis in cancer cells exhibiting slightly better anticancer activity
compared to the drug alone. Moreover, the course of NCND-PTX interaction with cancer cells was
monitored through the xCELLigence system. The NCND-based conjugate represents a promising
platform for bioimaging and drug delivery.
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different types of cells: several research groups have evaluated
1. Introduction their potential as bioimaging agents in cellular or in vivo
environments.28-30  Moreover, CNDs have emerged as a
versatile platform for the design of novel drug delivery systems
with promising studies reporting the use of CNDs as
nanocarriers for the delivery of therapeutic agents,31-33 such as
doxorubicin.343¢ CNDs retain their luminescence after the
loading of the drugs, either through electrostatic interaction or
covalent binding, serving not only as a vehicle for drug
delivery, but also for cell imaging. Despite many achievements,
a simple and effective preparation of CNDs capable of further
modifications to be included in a stable and multifunctional
water carrier for hydrophobic drugs, remains a challenge.
Most anticancer drugs have hydrophobic nature and unlocking
their full therapeutic potential requires drug formulation
strategies. Among these, Paclitaxel (PTX) is one of the most
effective cancer therapeutics to treat diverse solid tumors,37.38
and can be considered as a test case for any delivery system
because of its poor solubility in water. It is commonly
formulated as “Taxol”, which include a combination of
Cremophor EL and ethanol for solubilization. However, severe
hypersensitivity reactions and side effects associated with this
excipient or adjuvant have been found.3°4% Numerous

attempts are being made to increase the solubility and the
a'fgg";’(’)(’)Vl‘;"ggfssefizi’;’n"r’,gsyezzt;‘t’i;"nt,"srf"ainacbio’"“GUNE' Paseo de Miramon pharmacokinetic profile of the PTX using alternative
b-Department of Chemical and Pharmaceutical Sciences, INSTM UdR Trieste, Via formulations, including liposomes, micelles, prodrug strategies
Licio Giorgieri 1, University of Trieste, 34127 Trieste, Italy. or nanoparticles.*43 Especially the latter have attracted
¢ Basque Foundation for Science, Ikerbasque, 48013 Bilbao, Spain. . . . . . . .
*Email: prato@units. it increasing attention with various nanoparticle delivery

systems, including polymeric or inorganic nanoparticles, that
ElectronicSuppl_ementary Information (ESI) avail_able: [details of any have been studied for several decades, while alternative
supplementary information available should be included here]. See
DOI: 10.1039/x0xx00000x systems continue to rapidly gain interest.1.42

Carbon nanodots (CNDs) are quasi-spherical nanoparticles
with size below 10 nm, which have recently gained great
popularity as novel luminescent materials.12 CNDs possess
many favorable properties, including easily available and non
expensive precursors, facile and low cost production, high
photostability, biocompatibility, tuneable emission and good
solubility in a variety of solvents.34 These features make CNDs
a promising alternative to heavy metal-based quantum dots,
useful for application in a wide range of technologies, including
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sensing, biomedical and optoelectronic applications.>=8

Moreover, engineering the CND surface and exploiting the
reactivity of functional groups for covalent or supramolecular
interactions with functional molecules is a key to tune their
properties and meet the requirements for specific tasks.?-1°
The synergistic integration of the component functionalities
should enable the construction of nano-assemblies with
superior and unique properties.202¢6 Considering the low
toxicity nature, CNDs have opened new possibilities for
biomedical purposes.?7.22 CNDs can be readily internalized by
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Here, we report a CND-based drug nanocarrier, based on a
facile, fast and cost-effective microwave-assisted method to
prepare fluorescent, and biocompatible
nitrogen-doped CNDs (NCNDs) that allow an efficient covalent
binding of drugs on their surface. In order to showcase the
features of this platform in cancer therapy, the basically water
insoluble PTX was chosen in this study as a model drug. The
cellular uptake and in vitro cytotoxicity of the conjugate was
evaluated against various cell lines and compared with the
drug alone. Dynamic data about the global cell proliferation
were obtained from a real-time cell analysis system by
employing the xCELLigence technology. Finally, a drug-release
study is presented and the effect of the conjugate on cell
apoptosis was investigated using confocal fluorescence
microscopy.

water soluble

2. Experimental details

2.1 Materials
L-Arginine (298%), ethylenediamine (299.5%), paclitaxel
(297%), N-(3-dimethylaminopropyl)-N"-ethylcarbodiimide

hydrochloride (EDC) (298%), N-hydroxysuccinimide (=98%),
succinic anhydride (299%), N,N-dimethylformamide (>99.8%),
pyridine (299%), kaiser test kit and Sephadex LH-20 were
purchased from Sigma-Aldrich. Cyanine 5-NHS ester was
purchased from Lumiprobe. Ultrapure fresh water obtained
from a Millipore water purification system (>18MQ Milli-Q,
Millipore) was used in all experiments. PBS solution (pH 7.4)
was prepared using Milli-Q water and PBS tablets purchased
from Sigma Aldrich. All chemicals were used without further
purification. Dialysis membrane tubes (0.5-1 kDa) were bought
from Spectrum Labs. All cell lines were purchased from ATCC-
LGC and cultured in DMEM or RPMI-1640 media from Sigma
Aldrich completed with 2 nM L-glutamine, 100 u-mL!
penicillin, 100 ug-mL? streptomycin and 10% heat-inactivated
fetal bovine serum from Gibco®. Cell proliferation kit | was
purchased from Roche and was used to quantify relative cell
viability  (3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide, MTT).

2.2 Apparatus and Methods

The microwave synthesis was performed on a CEM Discover-
SP. NMR experiments were carried out with a Varian Inova
(500 MHz) in DMSO-ds using the solvent residual peak as
internal reference. The self-diffusion coefficient evaluations
were carried out using Varian Inova (500 MHz) NMR
spectrometer equipped with Performa I1I-Z gradient coils
(Varian, Palo Alto, CA, USA) using diffusion gradient length =
4.0 msec and diffusion delay = 75.0 msec. UV-Vis spectra were
recorded on a Jasco V-630 Bio spectrophotometer.
Fluorescence spectra were recorded on a Perkin Elmer LS55
fluorimeter. All the spectra were recorded at room
temperature using 10 mm path-length cuvettes. Fourier-
transform infrared spectra (KBr) were recorded on a
ThermoScientific Nicolet 6700 spectrometer. MALDI-TOF mass
analyses were performed on an UltrafleXtreme Il
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spectrometer equipped with a pulsed Nd:YAG laser, (355 am)
and controlled by FlexControl 3.3 ahd: 1RI&AMaEiRgl/ 20
softwares (Bruker Daltonics, Germany). Atomic force
microscopy (AFM) images were obtained with a Nanoscope
Illa, VEECO Instruments. As a general procedure to perform
AFM analyses, tapping mode with a HQ:NSC19/ALBS probe (80
kHz; 0.6 N/m) (MikroMasch) from drop cast of samples in an
aqueous solution (concentration of few mg/mL) on a mica
substrate was performed. The obtained images were analyzed
in Gwyddion 2.47. Absorbance of MTT product was detected in
a micro plate reader GENios Pro, TECAN. The normalized cell
index in real time was measured on a xCELLigence Real-Time
Cell Analysis (RTCA). Fluorescence images were taken in a
confocal microscope (Zeiss LSM 510 Meta) with laser 488 nm,
505 LP filter and 20X magnification objective with differential
interference contrast for transmitted light.

2.3 Syntheses

2’-Succinyl-paclitaxel

2’-Succinyl-paclitaxel was prepared according to a previously
reported synthetic protocol.** A solution of 100.0 mg (0.1
mmol) of paclitaxel and 152.0 mg (1.5 mmol) of succinic
anhydride in 2.4 mL of pyridine was stirred at r.t. for 3 h. The
mixture was evaporated to dryness in vacuo and the residue
was treated with 20.0 mL of water, stirred for 20 min, and
filtered. The precipitate was dissolved in acetone, water was
slowly added, and the white crystals were collected (67.0 mg,
59% vyield).!H NMR (DMSO-dg) &: 12.26 (s, 1H), 9.21 (d, J = 8.5
Hz, 1H), 7.97 (d, J = 8.5 Hz, 2H), 7.84 (d, J = 8.5 Hz, 2H), 7.73 (t,
J=7.4 Hz, 1H), 7.69 — 7.62 (m, 2H), 7.59 — 7.42 (m, 6H), 7.19
(ddd, J = 8.7, 5.7, 3.2 Hz, 1H), 6.29 (s, 1H), 5.81 (t, J = 8.8 Hz,
1H), 5.53 (t, J = 8.7 Hz, 1H), 5.40 (d, J = 7.2 Hz, 1H), 5.35 (d, J =
8.9 Hz, 1H), 4.90 (d, J = 7.1 Hz, 2H), 4.62 (s, 1H), 4.10 (dt, J =
11.0, 6.9 Hz, 1H), 4.00 (dd, J = 16.1, 8.3 Hz, 2H), 3.57 (d, J =7.2
Hz, 1H), 2.66 — 2.57 (m, 3H), 2.43 — 2.28 (m, 3H), 2.23 (s, 3H),
2.10 (s, 3H), 1.81 (dd, J = 15.0, 9.2 Hz, 2H), 1.75 (s, 1H), 1.69 (s,
1H), 1.63 (dd, J = 14.7, 10.8 Hz, 2H), 1.49 (s, 3H), 1.00 (d, J =
13.5 Hz, 6H). MS (IE*), m/z: 953.3 (M*).

NCNDs

NCNDs were synthesized according to our previously reported
method,*> through microwave irradiation of an aqueous
solution of L-Arginine (Arg) and ethylenendiamine (EDA). 87.0
mg (0.5 mmol) of L-Arginine, 33.0 pL (0.5 mmol) of EDA and
100 pL of Milli-Q water were heated at 240 °C, 26 bar and 200
W for 180 seconds. In the process of microwave heating, the
solution changes color from transparent to brown as a result
of formation of NCNDs. The solution was diluted with water
and was filtered through a 0.1 um microporous membrane
separating a deep yellow solution that was dialyzed against
pure water through a dialysis membrane for 2 days. The
aqueous solution of NCNDs was lyophilized giving 27.0 mg of a
brownish solid.

NCND-PTX

The hybrid material was prepared according to slightly
modified literature procedures.'213 To a solution of 100.0 mg
(0.1 mmol) of 2’-succinyl-paclitaxel in 5.0 mL of anhydrous
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DMF, 30.0 mg (0.2 mmol) of EDC and 18.0 mg (0.2 mmol) of
NHS were added. The mixture was stirred at O °C for 1 h. 40.0
mg of NCNDs were added and the resulting mixture was
stirred at r.t. overnight. The solvent was removed under
reduced pressure and the crude mixture was dissolved in
MeOH and isolated by size exclusion chromatography using a
column packed with Sephadex LH20 (eluting with MeOH).
Finally, the solvent was removed under reduced pressure
obtaining 90.0 mg of NCND-PTX as a yellow solid.

NCND-Cy5

A solution of 40.0 mg of NCNDs and 2.5 mg of cyanine 5-NHS
ester in 5.0 mL of anhydrous DMF was stirred at r.t. overnight.
The solvent was removed under reduced pressure. The crude
mixture was diluted with water and was filtered through a 0.1
Um microporous membrane separating a blue solution that
was dialyzed against pure water through a dialysis membrane
for 1 day. The aqueous solution of NCND-Cy5 was lyophilized
giving 38.0 mg as a blue solid.

NCND-PTX-Cy5

A solution of 50.0 mg of NCND-PTX and 2.5 mg of cyanine 5-
NHS ester in 5.0 mL of anhydrous DMF was stirred at r.t.
overnight. The solvent was removed under reduced pressure.
The crude mixture was diluted with water and was filtered
through a 0.1 pm microporous membrane separating a blue
solution that was dialyzed against pure water through a
dialysis membrane for 1 day. The aqueous solution of NCND-
PTX-Cy5 was lyophilized giving 14.0 mg as a blue solid.

2.4 Stability studies

NCNDs were incubated at 37 °C in a humidified atmosphere
with 5% CO,, under the following conditions: Dulbecco's
modified Eagle's medium (DMEM) medium completed with
10% heat-inactivated fetal calf serum (FBS), 2.0 mM L-
glutamine(Gibco), 100.0 U-mL?! penicillin and 100.0 pg-mL?
streptomycin (Gibco). The absorbance of the dots was
monitored at 24 h, 48 h and 72 h.

2.5 Cell culture and counting

All the cell lines used in this study were cultured in complete
Dulbecco’s Modified Eagle’s Medium (DMEM) and Roswell
Park Memorial Institute medium (RPMI) at 37 °C in humidified
atmosphere of 5 % CO; in tissue culture-treated 75 cm2-flasks
(from Nunc). For cell passage, adherent cells were lifted from
the flasks by incubation at 37 °C with trypsin-EDTA solution 1x
(2.5 g porcine trypsin and 0.2 g EDTA e 4 Na per liter of Hanks’
Balanced Salt from Sigma), span at 1000 g for 5 min and the
pellet re-suspended in 1 ml media. For cell counting, the cell
suspension was serially diluted 1:10 in PBS and 1:2 in the
exclusion dye Trypan Blue solution (0.4 % in 0.8 % sodium
chloride and 0.1 % potassium phosphate, dibasic from Sigma
Aldrich), 10.0 pL of the diluted cell suspension was counted in
a haemocytometer chamber under transmitted light in an
inverted microscope (DMIL, Leica).

2.6 Cell viability assay

This journal is © The Royal Society of Chemistry 20xx
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Cell viability of adherent human cell lines was measured with
the colorimetric MTT assay. 4x103 PC3 (pP63tatd Eee8FpUxa03
A-549 (small cell lung carcinoma), 2.5x103 C33-A (cervix
carcinoma), 2.5x103 Hela (cervix carcinoma), 4x103 MDA-MB-
231 (breast adenocarcinoma), 10x103 MCF-7 (breast
adenocarcinoma) cells were seeded in a 96 well plates (200 pL
media per well) and cultured for 24 h at 37 °C and 5% CO,.
Then, they were incubated (at 37 °C in a humidified
atmosphere with 5% CO, for 72 h) in 100 pL of medium
containing different concentrations of NCND-PTX. The cells
were then washed twice with 100.0 uL of incomplete medium
and incubated and 5 % CO, with 100.0 pL media containing
MTT at the (1:20 dilution) at 37 °C for 30-60 min. The MTT-
formazan was dissolved in 100.0 puL of DMSO and the
absorbance was measured in a micro plate reader (Genios Pro,
TECAN) at 550 nm. Data are expressed as a percentage of
absorbance of treated cells related to the untreated control
cells and represented as means of quadruplicates + SD.

2.7 Statistical analyses

Comparison of two-variable data were performed using two-
way ANOVA with Bonferroni adjustment. A p value < 0.05 was
accepted as statistically significant (GraphPad Prism, GraphPad
Software, La Jolla, CA).

2.8 Real-time Cell Electronic Sensing (RT-CES) and Cell Index (CI)
measurements

Experiments for time-dependent cell response were carried
out accordingly to previously described procedures.#¢ 100.0 pL
of media was added to 16 well-electronic plates (E-Plates).
Following the background readings, 100.0 pl of cell suspension
was added and the E-Plates were incubated at room
temperature for 30 min and then, inserted on the reader,
which was placed in a humidified incubator at 37 °C and 5%
CO; for continuous recording of impedance as reflected by the
cell index. All the measurements by the RT-CES were
performed inside an incubator at 37 °C, 5% CO, and humidified
atmosphere. After 24 h the cells were treated with different
concentrations of NCND-PTX. The impedance was recorded
every five minutes for the duration of 8 h to capture the short-
term response, followed by measurements every 30 min for 72
h and every 15 min for 24 h in order to capture the long-term
response. The Cell Index (Cl) was derived according to the
following equation:

Cl= max (

Ree(fi)
i=1,.,N )

Rp(f1)

where Rcei(f) and Rp(f) are the frequency-dependent electrode
resistances with or without cells, respectively, and N is the
number of the frequency points at which the impedance is
measured. The Normalized Cell Index at a given time point was
calculated by dividing the Cell Index at the time point by the
Cell Index at a reference time point.

2.9 Fluorescence microscopy

J. Name., 2013, 00, 1-3 | 3
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Figure 1. Synthetic scheme for the covalently linked nitrogen-doped CNDs (a representative structural unit is depicted)-paclitaxel (NCND-PTX) used in this study.

4x103 C33-A, 4.5x10% PC-3, 4.5x10% A-549, 3.5x10* Hela,
1.4x10°> MCF-7 and 4.5x10* MDA-MB-231 cells per well were
seeded onto sterile 13 mm round cover glasses in a 48 well
plate (Millicell EZslide, Millipore) and cultured for 3 days.
Supernatants were replaced by 250.0 uL media alone or media
containing NCNDs (300.0 pg-ml?), then incubated for 24 h at
37 °C and 5% CO,. The cells were washed twice with sterile PBS
prior to sterile PBS containing 4%
paraformaldehyde for 15 min at room temperature. Wells
were disassembled, cells were washed twice with PBS and, the
slide was mounted with 1 drop mounting media (DAKO) and a
1.5 coverslip (24x60mm). For morphological studies of
apoptosis, 5x103 A-549 cells per well were seeded onto sterile
1.5 coverslips in a 48 well plate, cultured for 3 days and
incubated with media alone or media containing 20 ng-ml! of
NCND-PTX-Cy5, or NCND-Cy5 for 24 h at 37 °C and 5% CO..
Cells were washed and fixed as described above. After PBS
washing, the cells were treated with 125.0 ng-mL1 DAPI (4',6-
diamidino-2-phenylindole) in PBS at r.t. for 10 min. Cells were
washed again and the round coverslip was mounted onto a
slide with 1 drop mounting media (DAKO). The mounted slides
were let to harden overnight at 4°C. Images were taken in a
confocal microscope (LSM 500 meta, Zeiss), plan-Apochromat
63x/1.40 Oil DIC M27 objective and with laser 405 nm/BP 420-
605 nm filter, or laser 633 nm/BP 650-755 filter.

fixation with

2.10 In vitro drug release

The THP-1 cells were seeded in 24 well plates (1.6x10° cells per
well) and cultured for 24 h at 37 °C and 5% CO,. The medium
was replaced with NCND-PTX (1 mg-mL-1). After incubation (24
h), the cells were washed twice and re-suspended in PBS. Then
the cell suspensions were lysed by three freeze/unfreeze
cycles in liquid nitrogen followed by 15 min of sonication. The

4| J. Name., 2012, 00, 1-3

resulted lysate was passed through a centrifuge 3 kDa
(Amicon) filter, and the collected fraction was analysed by
fluorescence spectroscopy. Untreated cells served as control.

3. Results and discussion
3.1 Preparation and characterization of NCND-PTX

CNDs can be made from a variety of organic compounds or
carbonaceous materials by either top-down or bottom-up
routes.3*2% We built on our previously reported simple and
cost-effective bottom-up approach using a microwave reactor
under controlled conditions.*> Arginine and ethylenediamine
have been used as carbon and nitrogen precursors for
nitrogen-doped CNDs (NCNDs). They display a quasi-spherical
shape and various oxygen and nitrogen functional groups on
the surface. Moreover, NCNDs show the typical excitation
wavelength dependent emission behaviour. Herein we want to
take advantage of their fluorescence, high solubility in water
and the presence of amines on their surface, which have
shown to be reactive for covalent functionalization,1213 in
order to prepare a fluorescent and water soluble NCND-based
drug nanocarrier. The advantage of forming a conjugate with
enhanced aqueous solubility would increase the bioavailability
of the drug and therefore have a potential to enhance its
activity. Beside solubility, the bioavailability depends on the
bond between the drug and the carrier since specific spacers
favor the drug release from the conjugate.

PTX was selected as the model water-insoluble anticancer drug
in our study. Usually the hydroxyl C2’ site is more reactive than
the C7 site due to less hindrance.*”

a) -

EEERESE

Ity

Figure 2. a) MALDI of the NCND-PTX conjugate and NCND reference; b) FL spectra of
NCND-PTX in water (25 °C) at different excitation wavelengths.
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Figure 3. a) 'H-NMR (DMSO-ds, 298 K, 500 MHz) of 2’-succinyl- paclitaxel (top), NCND-PTX (center) and NCNDs (bottom); b) DOSY (DMSO-ds, 298 K, 500 MHz) stack plot showing
the signal decay in PTX (left) and NCND-PTX (right) of representative peak (H-10 singlet, 6.29 ppm) as function of gradient strength; c) Normalized logarithmic signal decays versus
the diffusion weighing of representative peaks of PTX (blue) and NCND-PTX (red) with the corresponding linear fits.

On the basis of the above rationale, it was reasoned that the
most feasible route for the preparation of the hybrid was to
react the amino groups of the dots with a 2’-activated
paclitaxel derivative. We used succinic anhydride as spacer to
bind PTX to the dots. Therefore, PTX was first reacted with
succinic anhydride at the 2’-hydroxyl position forming an ester
bond and introducing a free carboxyl acid group. As depicted
in Figure 1, the drug was covalently attached to the amino
groups on the NCND surface via a carbodiimide condensation
reaction (see Experimental for details). The conjugate was
purified by size exclusion chromatography and was found to be
soluble in water. In the present conjugation reaction, the
formation of an ester bond provides a site for hydrolysis to
release the free drug after internalization of the hybrid into
the cancer cell.#849

Matrix-assisted laser desorption ionization (MALDI) was
employed to measure the molecular mass of the NCND-PTX
conjugate, which was larger than that of NCNDs confirming the
successful covalent linkage between PTX and NCNDs (Figure
2a): 3 kDa and 1 kDa for the NCND-PTX and the NCNDs,
respectively, have been found, indicating that the conjugate
has ca 2 drug molecules per dot, as determined by the mass
difference between the conjugate and the parent dots (blue

This journal is © The Royal Society of Chemistry 20xx

and green line, respectively). On the other hand, kaiser test
was used to estimate the amount of free amino groups on the
dot surface after the covalent coupling of the drug. The
noticeable decrease of the amount of amines in the NCND-PTX
(130 pmol-g1) as compared to the NCNDs (1350 pumol-g-1)4>
confirmed the functionalization reaction.

The size and morphology of the as-prepared NCND-PTX was
characterized by atomic force microscopy. NCNDs are spherical
nanoparticles with an average size of around 2.5 nm,% and an
increased size of around 8 nm after the conjugation with PTX,
in agreement with MALDI experiments, was observed (Figure
S1). The chemical structure was characterized using TH-NMR
and FTIR spectroscopies. TH-NMR investigation supported the
successful functionalization of the NCNDs surface with PTX.
The *H-NMR spectrum of NCND-PTX showed both the signals
expected for NCNDs and PTX. The disappearance of the signal
related to the carboxylic acid (at 12.26 ppm) of the 2’-succinyl-
paclitaxel as well as the appearance of amide NH (at 9.25 ppm)
in the conjugate suggests the hybrid formation (Figures 3 and
S2). Almost all the signals from the conjugate are broader as
compared to those of the free drug because of the decreased
rotational mobility when covalently attached to the
nanoparticle.>® Finally, diffusion ordered spectroscopy (DOSY)

J. Name., 2013, 00, 1-3 | 5
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Table 1. ICso of the NCND-PTX conjugate and free PTX in MCF-7, MDA-MB-231, A-549,
PC-3, C33-A and Hela cell lines.

NCND-PTX free PTX
1Cso (ng-mL1) in MCF-7 cells 69.2 81.4
1Cso (ng-mL?) in MDA-MB-231 cells 65.1 91.0
1Cso (ng-mL1) in A-549 cells 30.4 34.6
1Cso (ng-mL) in PC-3 cells 140.8 179.7
1Cso (ng-mL1) in C33-A cells 930.0 2820.0
1Cso (ng-mL1) in Hela cells 3.4 2.9

was employed for the calculation of the diffusion coefficients
for the free drug (D = 1.55 x 10® cm? s'1) and the hybrid (D =
9.06 x 107 cm?2s1). The smaller value obtained for the latter is
in agreement with the formation of a higher-molecular weight
species.5152

Moreover, the FT-IR spectrum of the NCND-PTX showed the
characteristic infrared signals of both NCNDs and PTX (Figure
S3). The optical properties of the conjugate were investigated
with UV-Vis and fluorescence (FL) spectroscopies. A slight shift
of the absorption band at 286 nm, related to the =n-n*
transition of the C=C units of NCNDs, was observed as a
consequence of the presence of the drug absorbing in the
same spectral region (Figure S5). Accordingly, the emission
profile suggested a surface modification of the dots after the
coupling with drug. NCNDs showed the typical excitation-
dependent FL that may arise from the presence of a
distribution of emissive domains and fluorophores on their
surface.5355 The NCND emission peak shifts from 356 nm to
474 nm when excited from 300 nm to 420 nm.*> The coupling
of the drug did not affect the emission properties of the dots
(Figure 2b). However, a change in the optimal excitation
wavelength (from 300 nm for the dots to 320 nm for the
conjugate) was observed and suggest a different distribution
of emissive sites on each dot after the functionalization. Taken
together, these data confirm the successful conjugation of the
drug on the surface of the nanodot.

3.2 Media stability, cell viability and imaging of NCNDs

To exploit NCNDs in biological applications, their stability in
biological media and cell viability are two fundamental
prerequisites that need to be satisfied. The stability of NCNDs
was investigated at 37 °C and 5% CO; in cell culture dulbecco's
modified eagle medium (DMEM) completed with 10 % heat-
inactivated fetal bovine serum (FBS) through UV-Vis
spectroscopy.>® The solution was tested for 72 h and the dots
were stable in cell culture media at all the different time
intervals analyzed (0 h, 24 h, 48 h and 72 h; Figure S6).

On the other hand, the NCND biocompatibility was tested in
cervix (C33-A, Hela), breast (MCF-7, MDA-MB-231), lung (A-
549) and prostate (PC-3) cancer cells by MTT colorimetric
assay. The viability of the cell lines varies between 80-100 %
after 72 h of incubation, with NCNDs in the concentration
range of 1 ug-mL1- 1 mg-mL? (Figure $12), suggesting that the
dots had no adverse effect on tumour cells, even at relatively
high concentration.
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Furthermore, the use of NCNDs as bioimaging,.prohe Jnas
investigated by using confocal microscopyQFigured ah B Pigure
S11). Following 24 h of incubation, NCNDs could easily get
internalized into the cells, which exhibit bright green
fluorescence.

3.3 In vitro anti-tumoral activity of NCND-PTX

The in vitro cytotoxicity of NCND-PTX was investigated and
compared with PTX by cell viability experiments. We evaluated
the anticancer efficiency of NCND-PTX in breast (MCF-7 and
MDA-MB-231), lung (A-549), prostate (PC-3) and cervix (Hela
and C33-A) cancer cell lines. Cell viability assays were
conducted in quadruplicates and the half-maximal inhibitory
concentration (ICso) was calculated from the dose response
diagrams (Figure S13). The ICso for MCF-7, MDA-MB-231, A-
549, PC-3, C33-A and Hela cells was found to be reduced for
NCND-PTX as compared to the free drug (Table 1). The
cytotoxicity of NCND-PTX can be attributed to the release of
free PTX molecules from the conjugate since the NCNDs do not
induce any cytotoxic effect. Moreover, the data show that the
conjugation of PTX to the dots affects the activity of the drug
resulting in a higher anti-proliferative effect on the majority of
the studied cells. The proliferation of MCF-7, MDA-MB-231, A-
549, PC-3 and C33-A cancer cells was more inhibited with
NCND-PTX treatment as compared to PTX treatment, while
only the inhibition of the proliferation of Hela cells after
exposure to the conjugate was comparable with the PTX alone.
The beneficial effect observed for the conjugate could be
related to an improved biovailability of the drug, as a result of
an enhanced aqueous solubility, a size that does not inhibit the
entry of the drug into the cells and does not affect the
mechanism of internalization, and a linker that allows the
release of the drug from the conjugate.*8

Finally, statistical analyses for each cell lines incubated with
different NCND-PTX concentrations (from 0.02 to 2 pg-mL?)
were carried out. As reported in Figure S14, the conjugate
concentration has effect on the cell viability. For instance, a
treatment with an increase of the NCND-PTX concentration
from 0.25 to 0.4 ug-mL? resulted in the two times decrease of
the C33-A cell viability (Figure 5).

3.4 Real-time monitoring of cell viability

The biological response of the NCND-PTX hybrid was further
evaluated by using the xCELLigence system.%657 This has

Figure 4. Confocal fluorescence images of C33-A cells after incubation with 300 pg-mL™?
NCNDs: a) Merged picture of the fluorescent bright field; b) fluorescent image.
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proven to be a valuable tool for providing data about the
global cell activities that cannot be acquired from the
conventional tetrazolium-based Vviability single end-point
assays. The system allows label-free and dynamic monitoring
of cellular phenotypic changes, such as cell number,
proliferation and growth, size and morphology. Therefore,
XxCELLigence provides a multi-parametric biological analysis in
real time. It is based on electrical impedance measurements
across interdigitated micro-electrodes integrated on the
bottom of cell culture plates that are displayed as Cell Index
(Cl) values. Cl values are defined as relative changes in
electrical impedance created by attached cells and provide
information about the biological status of the cells measuring
cell adhesion within the well. For instance, if cells detach and
die during cytotoxic events the cell-covered area reduces and
Cl values decrease. Moreover, continuous monitoring of
cellular responses to biologically active compounds produces
time-dependent cellular response profiles (TCRPs) that are
characteristic for each agent. Therefore, impedance-based
technology can be predictive of the biological activity and may
be useful for determining the mode and mechanism of
interaction.*®

PTX is a powerful anti-mitotic agent that acts by promoting
tubulin assembly into stable aggregated structures, inhibiting
the normal dynamics reorganization of the microtubules,
which results in mitotic arrest. We used the xCELLigence
system to monitor the entire course of NCND-PTX interaction
with cancer cells and gain insight into the mechanism of action
of the drug. Impedance-based TCRPs reflect global cellular
morphological responses to antimitotic agents and represent a
unique signature for mitotic arrest. It has been reported that
the exposure of different cell types to paclitaxel results in
overall similar TCRPs profile.*®¢ Therefore, we selected A549
cells as model cell line for the study. Figure 6 shows the TCRPs
obtained when A549 cells were treated with different
concentrations of NCND-PTX. The curves showed a dose
dependent cell response to the conjugate. Cl values shows that
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Figure 5. Cell viability of NCND-PTX and PTX in C33-A cancer cell line at 72 h of
incubation. Cells were treated with PTX (green bars) and NCND-PTX (blue bars). The
statistical analyses were performed using two-way ANOVA followed by Bonferroni’s
test. Data are expressed as mean + SD (n=4). ***P < 0.001, **P < 0.01 and *P < 0.05.
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Figure 6. Normalized Cell Index kinetics of the A-549 cancer cells exposed to
different concentrations of NCND-PTX.

following 20 h-incubation the highest concentration of NCND-
PTX (100 ng-mL1) had significant anti-proliferative effects. The
initial decline in cell index correlates with morphological
changes due to cell rounding that result from mitotic arrest.
Therefore, the conjugate induces significant cell death, as
indicated by the rapid loss in the Cl, and at the lowest point
the majority of the cells are arrested. The observed kinetic
profile resembled the one of the free PTX thus supporting the
conclusion that the conjugate induced cell cycle arrest with the
same mechanism of action observed for the free drug.

3.5 Apoptosis induced by CND-PTX

Confocal imaging along with nuclear fluorescence stain was
used to probe the intracellular uptake and the effect on
cellular nuclei. PTX is a microtubule-acting compound that
affects the morphology inducing a nuclear
fragmentation characteristic of apoptotic cell death.>8
Apoptotic cells lose substrate attachment and become
rounded. To study if the conjugation of PTX with NCNDs
modifies the apoptosis induced by the drug, the apoptosis was
identified morphologically by 4’,6-diamidino-2-phenylindole
(DAPI) staining of DNA. Since the emission from DAPI and
NCNDs overlapped, the latter were labelled with a cyanine dye
(Cy5) (Figures S4, S7-9). The nuclei of A-549 cells treated with
NCND-Cy5 (Figure 7a) showed homogeneous fluorescence
with no evidence of condensation, fragmentation of the nuclei
nor apoptotic bodies, which are typical features of cellular
apoptosis.>® In contrast, exposure of the cells to the conjugate,
at a concentration of 20 ng-mL? (related to PTX), led to the
characteristic apoptotic morphology with a grape shaped
periphery and chromatin,
distributed in a few spherical apoptotic bodies (Figure 7b).60
This result indicates that NCNDs do not affect the mechanism
of action of PTX compared to the drug alone.

nuclear

surrounding protrusions of

3.6 Drug release study

The similar mechanism of action and apoptosis-inducing effect
of PTX and NCND-PTX suggests that the conjugate is
functioning in a similar manner as the free drug, which can be
ascribed to its release from the NCND carrier. Our linker design
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is based on the hypothesis that the ester bond between the
drug and the nanoparticles can be hydrolytically and/or
enzymatically cleaved after cell internalization to release the
cytotoxic agent. Since the 2'-hydroxyl group of the PTX is
required for tubulin binding, the conjugate is anticipated to be

a

20 e

Figure 7. Apoptosis detection by confocal imaging of DAPI-nuclear stained (green), and
NCND-CyS5 (red). A-549 cells treated with a) NCND-Cy5 and b) NCND-PTX- Cy5.

inactive unless internalized and hydrolyzed.61

The intracellular release of PTX from the conjugate was
studied in the acute monocytic leukemia THP-1 cells that grow
in suspension and have a high uptake rate. They were
incubated with NCND-PTX for 24 h, then washed with media to
remove the dots not attached to the cells and finally cell lysis
was performed. Once the membrane-containing fraction was
discharged, the presence of free NCNDs was observed in the
water soluble fraction by fluorescence spectroscopy
suggesting the release of the PTX from the dots (Figure S10).

Conclusions

In summary, we have reported a NCND-PTX drug delivery
system based on a simple and effective covalent conjugation
protocol. The conjugate provides an enhanced anticancer
activity as compared to the free drug. Confocal microscopy
confirmed the efficient cellular uptake of NCND-PTX and the
apoptosis induced on cancer cells. Furthermore, the real-time
monitoring of cell viability gave useful insights on the
mechanism of action of the drug in the conjugate. The above
results demonstrate the nanodot potential as vehicle for
intracellular imaging and delivery of low water-soluble
anticancer drugs.
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