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Abstract

Hypothesis

Doxorubicin hydrochloride (DX) is widely used as a chemotherapeutic agent, though its severe
side-effects limit its clinical use. A way to overcome these limitations is to increase DX latency
through encapsulation in suitable carriers. However, DX has a high solubility in water,
hindering encapsulation. The formulation of DXwith sodium cholate (NaC) will reduce aqueous
solubility through charge neutralization and hydrophobic interactions thus facilitating DX
encapsulation into poloxamer (F127) micelles, increasing drug latency.

Experiments

DX/NaC/PEO-PPO-PEO triblock copolymer (F127) formulations with high DX content (DX-
PMs) have been prepared and characterized by scattering techniques, transmission electron
microscopy and fluorescence spectroscopy. Cell proliferation has been evaluated after DX-PMs
uptake for three cell lines (A549, Hela, 4T1). Cell uptake of DX has been studied by means of
confocal laser scanning microscopy and flowcytometry.

Findings

DX-PMs formulations result in small and stable pluronic micelles, with the drug located in the
apolar core of the polymeric micelles. Cell proliferation assays show a delayed cell toxicity for
the encapsulated DX compared with the free drug. Data show a good correlation between
cytotoxic response and a slow DX delivery to nuclei. DX-PMs offer the means to restrict DX
delivery to the cell interior in a highly stable and biocompatible formulation, suitable for cancer
therapy.

Keywords: drug-delivery; doxorubicin hydrochloride; PEO-PPO-PEO block copolymers;
pluronics; bile salts; tumour cell lines; confocal microscopy

Introduction

Doxorubicin is one of the most effective anticancer agents in clinical use. However, doxorubicin
based chemotherapy suffers from severe limitations due to important side effects, including
cardiotoxicity and bone marrow suppression, and also multidrug resistance (MDR) arising
from repeated or high-dose treatments.[1][2] A way to overcome these problems is to
encapsulate doxorubicin into suitable carriers, which change the drug pharmacokinetics and
lead to the targeted delivery of doxorubicin and to an increased drug latency time. Several
carriers have been proposed for doxorubicin over the years.[3][4] Some of them are actively
investigated and have already reached phase II/III clinical trials.[5][6]

To increase its solubility in water, doxorubicin is used in its hydrochloride form (DX).
However, the water solubility of DX makes its encapsulation and controlled release from
hydrophobic matrices difficult. The above-mentioned drug side effects and cytotoxicity require
that the drug remains encapsulated during circulation and is released only once in the tumor
environment. A potential means to increase DX encapsulation in a hydrophobic environment
and avoid undesired release is its co-formulation with an organic anion that, by neutralizing its
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charge, facilitate DXsolubilization in the hydrophobic domains of the hosting system. Among
many potential carriers, those based on micelles have the advantages of the ease of preparation
and of the capability to host hydrophobic drugs in the inner apolar domains of the micelle by
polarity affinity. In particular, poloxamers, which are non-ionic triblock copolymers of
polyoxyethylene or poly(ethylene oxide) (PEO) and polyoxypropylene or poly(propylene
oxide) (PPO)[7][8][9] (Scheme 1), sometimes referred to by their trade names Pluronics® or
Synperonics®, are highly appealing for drug encapsulation because of their high
biocompatibility and the intrinsic stealth nature of  the micelles
formed.[10][11][12][13][14][15]

PEO-PPO-PEO triblock copolymers easily self-assemble, above a critical concentration (cmc)
and critical temperature (cmt), to yield core-shell micelles,[16] where the hydrophobic core is
formed by PPO and the hydrophilic corona by PEO. The hydrophobic molecules can be
solubilized in the apolar core, while the hydrophilic ones are generally confined to the corona
region. Amphiphilic molecules like bile salts can also be loaded mainly in the corona and at the
core/corona interface.[17][18][19][20] To increase DX solubility into the micellar core we have
recently prepared mixed micelles of the EO100-POs5-EO100 copolymer (F127), mixed with a
corresponding amount of the bile salt sodium cholate (NaC).[21] The mixed micelles were
loaded with DX, whose solubilization in the apolar core was driven by the interaction with the
negatively charged cholate.[21] Indeed, the cholate salt is effective in increasing DX
hydrophobicity and loading into the micelles thanks not only to the neutralization of
electrostatic charges but also through hydrophobic interactions with the apolar moiety of DX
as was proved by fluorescence lifetime studies.[21] Moreover, it has also been shown in the
literature that bile salts enhance cells’ sensitivity to DX.[22] In our previous work we did not
perform cell studies. The concentration of DX tested was also not therapeutically relevant and
the issue of removing the not encapsulated drug was not addressed.

Thus, in this work the protocol of DX encapsulation has been adapted to obtain a formulation
therapeutically relevant, with all the drug locatedin the hydrophobic domains of the block
copolymer micelle, and the therapeutic efficacy of the formulation has been tested in vitro.
Here we present a complete physico-chemical characterization and in vitro study of this new
formulation whose main features are an 800 fold increase in the amount of drug compared with
the original one,[21] without any free DX in the final product. Fluorescence spectroscopy,
dynamic light scattering (DLS) and small angle X-ray scattering (SAXS) data revealed that the
microstructure of the DX/NaC/F127 mixed micellar system was unaltered by the increased
amount of drug even after the removal of free DX (denoted DX-PMs). The formulation has been
successfully tested for its anticancer activity against three DX-sensitive cell lines using the 3-
(4,5-Dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay to measure cell
viability. Confocal laser scanning microscopy (CLSM) and fluorescence flow cytometry were
used to follow the uptake and intracellular colocalization of DX-PMs.

Materials and methods

Chemicals
NaC (= 99%), methanol (for HPLC; =2 99.9%), F127 copolymer (EO100-PO¢s5-EO100 with nominal
molecular weight of 12600 g/mol; BioReagent), 3-(4,5-Dimethyl-thiazol-2-yl)-2,5-diphenyl-
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Scheme 1 Chemical formulae of the PEO-PPO-PEO block copolymer F127, the bile salt sodium cholate (NaC) and the antibiotic
doxorubicin hydrochloride (DX).

tetrazolium bromide (MTT; 98%) and 2’'-(4-Ethoxyphenyl)-5-(4-methyl-1-piperazinyl)-2,5'-
bi-1H-benzimidazole trihydrochloride (Hoechst 33342; > 98%) were purchased from Sigma-
Aldrich. Doxorubicin hydrochloride (DX; 2 98%) was a kind gift of Farmitalia-Carlo Erba Chem.
Co. Ultrapure water (18.2 M()/cm) from Arium pro UV system (Sartorius Stedim Biotech) was
used in the preparation of the solutions. Penicillin-streptomycin antibiotic solution (P/S; 100
units/mL penicillin, 100 mg/mL streptomycin), Roswell Park Memorial Intitute-1640 (RPMI-
1640), Dulbecco Modified Eagle Medium (DMEM), Leibovitz's L-15 Medium (L-15), Phosphate-
buffered saline 10x, pH 7.4 (PBS), fetal bovine serum (FBS) and 0.25% (w/v) trypsin solution
were purchased from Thermo-Fisher Scientific, USA. Human lung adenocarcinoma cells (A549),
mammary carcinoma of mouse cells (4T1) and cervical cancer cells (HeLa) were purchased
from the American Type Culture Collection (ATCC), USA. Culture plates and dishes were
obtained from Corning Inc. NY, USA. Hamilton MidiPrep dialysis tubes were used with a cut off
of 1000 g/mol. Calf thymus DNA (ct-DNA; 42% in GC base pairs) was obtained from Serva in
vials of 250 mg and was used as received. A stock ctDNA water solution was prepared by
dissolving 10.9 mg of the polynucleotide (average molecular weight 8.58-:10% g/mol[23]) in
50mL ultrapure water; the resulting solution had an absorbance at 260 nm (g260nm= 6600 M-
Icm-1[24]) of 0.425 (0.1 cm cell), from which a concentration (in phosphate groups) of
[ctDNA]p= 6.44-10-* M was calculated.

Samples preparation

The DX/NaC/F127 mixed micelles were prepared as described.[21] Briefly, to mix the different
species in their monomeric form, appropriate volumes of methanolic stock solutions of NaC and
DX were mixed and F127 was then added as a solid. NaC and F127 were mixed to have a well-
defined molar ratio MR (MR= nnac/nr127). The amount of methanol necessary to obtain a clear
solution (if needed) was added and then evaporated in a rotary evaporator followed by high
vacuum pump. Ultrapure water, filtered through a 0.45 pm polycarbonate syringe filter
(Millipore), was then added to reach a final F127 concentration of 1% (w/V), corresponding to
a molar concentration of 7.9-10-4 mol/L. In the final samples, the analytical concentration of
both DX ([DX]anal) and NaC was 1.6:10-4 mol/L and, throughout this work, MR was fixed to 0.2
(this formulation has been already fully characterized in a previous work[21]). Samples were
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first incubated overnight under gentle stirring at 4 °C and then 2 hours at 25 °C. Finally, the
samples were kept in a thermostatic bath at 40 °C (a temperature above F127 cmt) under
stirring in the dark and periodically checked for any variation in their fluorescence spectra. The
solubilization of DX in the hydrophobic domain of the PMs was monitored following the
intensity ratio (Rr= I1/12) of the two well defined peaks in the emission spectrum of DX at 560
nm (I1) and at 590 nm (I2). Freshly prepared samples showed a Rr= 0.8 (typical of DX in a polar
environment), which shifts with time towards the value of DX in an apolar environment (Rrx
1.4 in n-hexane). [21][25] To remove non incapsulated DX, the samples were dialyzed (1 kDa
membrane) in the presence of ctDNA at 40 °C under mild stirring. In detail, 800 pL of the
DX/NaC/F127 mixed micelles at a certain time point from the sample preparation (see below)
were introduced into a dialysis tube and dialyzed overnight against 50 mL of a solution
containing NaC, F127 (at the same concentration as the samples) and a suitable volume of the
ctDNA stock solution at a final molar ratio of [ctDNA]p/[DX]anai= 6. DX/NaC/F127 mixed
micelles after the dialysis were denoted DX-PMs.

Physico-chemical characterization

DLS and {-Potential measurements were performed with a Zetasizer Nano ZS (Malvern
Instruments Ltd., Worcestershire, UK) instrument, equipped with a5 mW HeNe laser (A= 632.8
nm) and a digital logarithmic correlator. The normalized intensity autocorrelation functions
were measured at a fixed angle of 173°. The temperature was varied using the Peltier-
thermostatted sample holder of the instrument (accuracy: + 0.1°C). {-Potential measurements
were performed with disposable folded capillary cells, DTS1070 (Malvern Instruments Ltd.,
Worcestershire, UK). All measurements were performed at 40 °C. Prior to the measurements,
the solutions were equilibrated at 40°C for ten minutes. The reported {-Potential values are an
average of three subsequent measurements. The errors are given * standard deviation (SD).
Steady state fluorescence measurements were performed with a Fluoromax 2 (Horiba-Jobin
Yvon) spectrofluorometer using 0.3x0.3 cm black quartz cuvette from Starna GmbH. UV-Vis
spectra were measured with a Varian Cary 5E instrument. Fluorescence lifetime measurements
were performed with an home-build apparatus described in [21] with the only notable
exception of the acquisition board, a Becker-Hickl SPC-130-EMN, that allowed a time resolution
of 12.2 ps per channel (total channels acquired:4096) in the actual configuration. Being the IRF
less than 90 ps and the DX lifetime at least one order of magnitude longer, the decays were
fitted with a tailfit procedure as the sum of three or two exponential components depending on
the incubation time from the preparation. The fitting procedure was performed by fixing the
lifetime of the DX free in water to 1.00 ns and for the DX in the corona region of the polymeric
micelles to 1.10 ns, as previously reported. [21] The lifetime of the slowest component,
corresponding to the DX in the apolar core of the polymeric micelles was left as adjustable
parameter: a lifetime 0f 4.01+0.10 ns was obtained. This value is slightly shorter than that found
in our previous work (4.32+0.08ns) [21]; this small discrepancy is probably related to a closer
packing of the DX due to its increased concentration in the apolar core of the PM in the present
formulation.

For transmission electron microscopy (TEM) measurements, 6 uL of PMs and DX-PMs at 2
mg/mL kept at 40 °C under stirring prior to grid deposition, were transferred (3 pL at time) to
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ultra-thin plasma coated carbon grids. Plasma negative discharge was applied on the surface of
the carbon grid to make it hydrophilic (conditions: 25 mA, 2 min, 1x10-1 mBar). Each aliquot
was incubated on the grid for 1 min to adsorb. After a drying step in which the drop was gently
blotted with filter paper, grids were then washed with 3 pL of ultrapure water for 30 seconds
and then water was removed by applying a filter paper. 3uL of (NH4)2MoO4 (Sigma-Aldrich
99.98%; 2 % w/v, pH 6.5) staining solution was then added for 1.5 minutes and the excess
removed by filter paper. Samples were washed twice with 3 puL ultrapure water and then air
dried. TEM images were acquired with a LaB6-TEM JEM 1400PLUS (JEOL) microscope
operating at an acceleration voltage of 100 kV.

SAXS measurements were performed using a laboratory based Xeuss 2.0 HR P300K Q-Xoom
system (Xenocs SAS, Grenoble, France), having a micro-focus Genix 3D X-ray source with A =
0.154 nm and a two-dimensional Pilatus3 R 300K detector from Dectris (Dectris Ltd., Baden,
Switzerland). The samples were characterized in sealed quartz capillaries with thickness of 1.5
mm kept at 40 °C. Measurements were performed at reduced pressure (< 0.2 mbar), with two
different sample-detector distances, in order to record the sample scattering within the q range
0.045 nm! < q < 6.2 nm}, where q = 4msin(0) /4, 26 being the scattering angle. Water was
used to collect the background data for subtraction. The SAXS data reduction (radial averaging,
background subtraction, absolute intensity scaling) was performed using the FoxTrot software
developed at SOLEIL. Pair distance distribution functions and Guinier fits were obtained by
using the ATSAS package. [26] Model scattering profiles were calculated and fitted to the data
with the software SasView. [27]

Cell culture

A549 and 4T1 cell lines were cultured with RPMI-1640 supplemented with 10 % (v:v) FBS and
1% (v:v) P/S antibiotic solution. HeLa cells were cultured with DMEM supplemented with 10
% (v:v) FBS and 1% (v:v) P/S. Cells were maintained at 37 °C, 5% CO2 in a humidified chamber.

Cell viability MTT assay
The cytotoxicity of the PMs without DX was tested in three different cancer cell lines: A549,
4T1 and HeLa. The cells were grown on 96-well microplates to a density of 10 x 103 cells per
well. Cell mitochondrial activity was tested using the MTT assay which is based on the
mitochondrial conversion of tetrazolium salt into a formazan dye with absorption
characteristics in the visible region. PMs with and without DX were incubated with cells at
different concentrations (from 0.03 to 3.2 uM of DX corresponding to the range between 0.02
and 3 mg/mL of PMs) and different time points (3, 24 and 48 h). Following incubation with PMs,
at each time point cells were washed with PBS, and 135 pL of fresh medium with 15 uL. MTT at
5 mg/mL in PBS was added to each well. Culture plates were then incubated at 37 °C. After 2 h
of incubation, medium-containing MTT was discarded and formazan crystals were dissolved in
150 pL. DMSO. The absorbance at 550 nm, with automatic correction at reference wavelength
630 nm, of the resulting solution was measured in a 96-well spectrophotometer microplate
reader. The percentage of cell mitochondrial activity (MAy) was determined as:

Abstreated .

MAOO =
& Abscontrol

100



Cellular uptake of PMs in different cancer cell lines

The cellular uptake of DX-PMs in three different cancer cell line (4T1, A549 and HeLa) were
quantified by flow-cytometry (BD-FACs Canto II cytometer, Becton Dickinson, USA). Free DX
and notloaded PMs were used as controls. Briefly, 15 x 103 cells were cultured in 48-well plates
until a density of 30 x 103 cells per well after 24 h and exposed to 1.5 mg/mL of DX-PMs or 1.6
uM of free DX at different times, from 0.25 h to 24 h at 5 % CO2z and 37 °C. Then, cells were
washed with PBS and 50 pL trypsin was added. An additional 150 pL. PBS was added to
neutralize trypsin and finally cells were transferred to FACS tubes for analysis. Fluorescence of
the cells was quantified and analysed by FACS. Measurements were performed in duplicate and
approximately 10000 events (cells)/sample were analysed. The mean fluorescence intensity
obtained was normalized respect to the autofluorescence of untreated cells (this last parameter
was used as a control) to be directly related to the amount of drug within the cells.

Cell entry mechanism and intracellular trafficking of PMs

10 x 103 cells per well were plated in 8-well ibidi p-slide chambers (ibidiTreat) in 200 pL of
medium with 10 % of FBS and 1 % P/S and incubated at 37 °C for 24 hours. Before cellular
uptake experiments, cells were washed with 200 pL fresh medium and then 1.5 mg/mL of DX-
PMs were added to the well. 1.6 uM solution of free DX was used as a positive control. Cells not
treated were used as a control. After the desired incubation time (0.5, 3, 16, 24 and 48 h) cells
were washed twice with fresh medium. In all cases, cells nuclei were counterstained with
HOECHST 33342 dye, diluted 1:1000 with full medium from a water stock solution containing
10 mg/mL of dye, for 5 minutes at 37 °C. Excess dye was washed with fresh medium and
confocal experiments were performed in L-15 medium containing 10% FBS and 1% P/S. CLSM
imaging was performed exciting at both 405 and 488 nm excitation laser lines, with a 63x oil
immersion objective. All images were acquired with a CLSM 510 Zeiss laser scanning
microscope. To evaluate the uptake of DX into the nucleus, fluorescence intensity scan profiles
were taken by random sampling by tracing a vector across the cell length and the values
obtained plotted as fluorescence emission graphs using Zen 3.1 (ZEN lite) microscope software
from ZEISS Microscopy.

Results and discussion
Structural characterization of PMs and DX- PMs



TEM of DX-PMs shows a monodisperse
population of small-sized spherical
micelles with an apparent average
diameter of 30 nm (Figure 1- panel a).
Indeed, a core-shell structure of the DX-
PMs is shown by the TEM image at higher
magnification (Figure 1- inset of panel a).
No significant differences in the size of
DX/NaC/F127 mixed micelles before and
after dialysis were detected with DLS data -
(Figure 1 - panel b). A hydrodynamic e

diameter (Du) of 28.3 + 0.6 nm and a
. . . Figure 2 Fluorescence emission spectra of DX in the DX/NaC/F127
polydlsper51ty index (PDI) of 0.21 were mixed micelles as a function of incubation time at 40°C. After 42

calculated for both samples by the dayssamples were dialyzed to remove the free drug (green line).

CUMULANT analysis of the relevant The inset shows the evolution of the fluorescence intensity ratio
(I1/12 - arrows in the main graph) as a function of the incubation

autocorrelation functions. The structure time at 40 °C (before and after dialysis for the sample at 42 days of
of empty PMs shares the same main incubation time -green colour; see text for details). Error bars
features of DX-PMs in terms of dimensions represent the SD (n=4).

. [DXJana= 1.60-10-4 M; [F127]= 7.9:10-* M; [NaC]= 1.60-10* M; Aexc=
and core-shell structure (see AppendiX, 410y, slits: 1.75/1.75 nm; 0.3x0.3 cm cell; T= 40°C.
Figure A1l -panel a). These results are in
excellent agreement with those obtained by DLS for this system (Figure A1 -panel b). The Du of
empty PMs is 25.7 * 0.4 nm (Figure A1 -panel b) with a PDI of 0.25. The {-potential value
measured for the empty PMs is slightly negative (-13.7 £ 0.9 mV), while for the DX-PMs the (-
potential rises to -4.7 = 0.5 mV, in agreement with the presence of the cationic DX in the corona
region of the micelles. In terms of both size and structure, no significant differences can be
appreciated between PM and DX-PMs. SAXS measurements of pre- and post-dialysis samples
were performed (Figure 1 - panel c). They outline the presence of spherical block-copolymer
micelles with a compact core of 9.3 nm diameter and a shell of polymeric chains, for a total
maximum particle diameterof 22 nm (see Appendix, Figure A2 and Table A1). The size isslightly
larger than those inferred from SAXS data on pure F127 micelles[18] thus supporting the
loading of NaC and DX. Both DLS and SAXS confirmed that after dialysis the DX-PMs preserve

their original dimensions as well as their core-shell structure.
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Figure 1 a) TEM images of DX-NPs (scale bar in the inset indicates 200 nm). b) DLS data of
DX/NaC/F127 mixed micelles in aqueous solution at 40°C before (blue dotted line) and after (red line)
dialysis. ¢) SAXS data of the same samples as in panel b) (dots) and best fitting curves (black lines) with
the form factor of spherical particles with a compact core and a shell of polymeric chains (see Appendix).



Steady-state fluorescence emission spectra (Figure 2) revealed that increasing the incubation
time at 40 °C results in an increase in the Rr ratio (Figure 2 - inset).

This result indicates the progressive migration of the drug into the apolar core of PMs, and it is
in perfect agreement with previous data of DX-PMs at a lower drug concentration.[21] After 43
days, however, the ratio is still far from the typical Rr value of DX in an apolar environment,
suggesting that a significant amount of DX is present in the corona region of the polymeric
micelles. Indeed, time resolved fluorescence spectroscopy (Figure 3) revealed that after 43 days
only 54+4.1 % (Figure 3 - inset) of the drug displayed a lifetime typical of DX in the inner apolar
compartment of PMs (Tslow= 4.01£0.10 ns), with the remaining DX located in the corona as
inferred from the lifetime (tfast= 1.10 ns). [21] The process of DX solubilization in the NaC/F127
PM results first in an accumulation of the drug in the corona region and then its translocation
to the less polar micellar compartment (Appendix, Figure A3). To remove the more mobile
fraction of DX in the corona region of PM, the samples were dialyzed against a ctDNA solution
(see Materials and Methods) taking advantage of the high association constant between DX and
DNA (as high as 106 M-1).[28] The use of ctDNA as a DX sequestrant allowed a quantitative
removal of non-entrapped DX in a single dialysis step (see Appendix, Figure A4.1 and A4.2 for
details).

Once formed, DX-PMs remain stable even to freeze-drying, changing of buffer, and exposure to
extremely acidic pHs, without releasing the entrapped drug.[21] Due to this high stability, the
dialysis procedure led to DX-PMs without any detectable free drug, as revealed by both steady-
state (Figure 2) and time resolved (Figure 3) fluorescence. These dialyzed DX-PMs were then
freeze-dried ato be later resuspended in a suitable media for testing their activity in vitro. It is
important to remark that, once resuspended in water after lyophilization, DX-PMs showed the
same characteristics of the non lyophilized systems, in agreement with the previous findings at
much lower drug concentration.[21]

The loading efficiency of the DX-PMs was evaluated using the superposition along 10 nm
wavelength interval (centred at 518 nm) of the absorption spectra of free DX and DX-PMs
(Appendix, Figure AS). It was then
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Figure 3 TCSPC decays (measured at 40°C) of DX in the DX/NaC/F127
mixed micelles (same sample as in Figure 2) as a function of incubation Depending on samples and
time at 40°C before and after dialysis to remove the drug in the corona jncubation time at 40°C, loading
region of PM (dark green line). The inset shows the evolution of the slow

procedure are given in Figure A5).

efficiency values as high as 30% were
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obtained. From Ly it was possible to calculate the drug loading (DL%) as weight percent,
according to:[29]

Ipx;, _
Ipx;, T 9nac t Gri27
where gpy, is the mass of DX incorporated in the polymeric micelles (obtained from UV-Vis

DLy, = 100

measurements; making reference to 1.0 L of DX-PM: gpx, = 2.61+0.1- 1072 g) and gnac and

gr127 are the mass of all the other species present in the dispersed micellar phase (making
reference to 1.0 L of DX-PM: gyac = 9.95 g; gr127 = 6.80-1072g). A DLy of 0.2620.14 % was
obtained, values not far from those reported in the literature for polymeric micelles made of
poly-lactide-co-glycolic acid and the anthracycline epirubicin.[30]

To compare the in-vitro results obtained with DX and DX-PMs, water solutions of free and
encapsulated drug having the same absorbance at 518 nm were prepared and then suitably
diluted as described in the Materials and Methods section.

Cell viability assay

One of the aims of this study was to evaluate the in vitro cytotoxicity of DX-PMs in comparison
with that of free DX. Cell viability was evaluated in three different cancer cell lines: A549, 4T1
and HeLa cells each having different sensitivities to DX. HeLa [31][32][33] and 4T1 [34][35] are
the most DX-sensitive cancer cell lines, while A549 is significantly more resistant.[36]

To evaluate PMs toxicity, the three cell lines were incubated in solutions with high PM
concentrations ranging from 0.75 to 3 mg/mL, and for long times up to 48 h. Cell viability
remained well above 80% even in the most unfavourable conditions tested (Figure Al - panel
c).[23][37] This high cytocompatibility of the PMs allowed us to correlate any cell toxicity of
DX-PMs detected as a function of DX release into the nucleus.

The cytotoxicity profiles of free DX and DX-PMs were evaluated in the three different cell lines
by the MTT assay. Cells were treated with different concentrations of free DX and of DX-PMs
and incubated for 3 (Appendix, Figure A6), 24 and 48 h (Figure 4). It can be observed that cell
proliferation rate depends on both drug concentration and incubation time and the trend in cell
viability is different for each cell line (Figure 4). For all cell lines tested, free DX is more toxic
than DX encapsulated into PMs, which is particularly evident after 48 h of incubation. These
differences in cytotoxicity between DX and DX-PMs may be due to the different cellular
trafficking mechanisms of DX. The free drug is passively absorbed by diffusion into the cell,
whereas DX-PMs are incorporated by an endocytosis mechanism where DX-PMs are released
from the endosome to the cytosol and finally DX reaches the nucleus.[38][39] This difference
implies a faster DX diffusion to the cell nuclei in the case of free drug, and a delayed delivery of
DX to the nuclei in the case of the DX-PMs. This slow kinetic mechanism of DX reaching the
nucleus results in the observed time-dependent cell-growth inhibition.
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The cell viability of DX-PMs in a cell line less sensitive to DX, such as A549 cells[36], remains

above the half maximal inhibitory concentration (ICso) up to 48 hours (Figure 4 - panel a) while
at the highest free DX concentrations the cell viability was below to the ICso. A different viability
profile is observed in HeLa [31][32] (Figure 4 - panel b) and 4T1 [40] (Figure 4 - panel c) cell
lines. These cells are markedly sensitive to free DX even at low concentrations and at short
exposure times. A viability below ICso is seen after 3 h of exposure to high DX concentrations
for HeLa and 4T1 cell lines (Appendix, Figure A6 - panels b, c), while for A549 the viability
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Figure 4 MTT assay results for three different cell lines: a) A549;
b) HeLa; c¢) 4T1. All cells were treated with free DX and DX-NPs
at different concentrations obtained by scalar dilutions and at
different incubation times at 37°C. Error bars represent the
standard deviation (n=9).

remains around ICoo (Appendix, Figure
A6 - panel a). Depending on the DX
concentration, at 24 and 48 h there is a
generalized dramatic decrease in cell
viability that reaches values close to zero.
A significant difference between the
cytotoxicity profiles of free DX and DX-
PMs in these two cell lines is evident and
becomes clearer at high drug
concentrations and long incubation
times. The cellular uptake of DX-PMs
shows, in both cell lines, a slightly
reduced toxicity profile, mainly at lower
concentrations (from 0.03 puM to about
0.1 uM DX-PMs) compared with free DX.
Cell viability is above 50% even after long
exposure (Figure 4 - panels b and c). At
higher concentrations, from 0.2 pM to
about 3 uM DX-PMs, toxicity
significantly reduced compared to the
free drug by a factor of ~2 (Figure 4 -
panels b and c). These data confirm that
A549 cells are resistant to DX (both as
free drug and in DX-PMs)[36] compared
with the other cell lines investigated.
However, DX toxicity is significantly
reduced when DX is encapsulated into the
mixed micellar nanoparticles. Such an
effect can be rationalized by taking into
consideration the
different uptake mechanism for the free
DX and DX loaded into PMs. As described
below, we support this reasoning with
results from cellular uptake studies
performed with CLSMcellular uptake of
free DX and DX-PMs

is

above-mentioned
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The intrinsic fluorescence of DX allowed the use of flow cytometry and confocal fluorescence
microscopy to study the cellular uptake and intracellular localization for both free DX and DX-
PMs. Experiments were performed at a drug concentration of 1.6 pM. This value was chosen as
a compromise between a cytotoxic DX dose do not leading to the complete cell death at long
exposure times and the amount of drug allowing a good DX fluorescence signal for both free DX
and DX-PMs. Nuclei were stained with HOECHST dye (blue fluorescence signals in CLSM
images) and free DX and DX-PMs are indicated by green fluorescence signals. The three cell
lines exhibited similar patterns of cell distribution of DX and DX-PMs and the differences in the
fluorescence intensity of DX between the cytoplasm and the nuclei can be well appreciated
(Figure 5). After 30 min, it is evident from CLSM that DX-PMs are readily incorporated into the
cells, independently of the specific cell line investigated (compare panels a, b and c in Figure 5
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at 0.5 h of exposure time) and more markedly than free DX, as confirmed by flow cytometry
data (Figure 6). However, while the DX fluorescence in the nuclei is readily detected in the first
3 h after exposure in free DX treated cells, no DX fluorescence can be detected in the nuclei of
cells treated with DX-PMs up to 16 h. Additional confocal images taken at longer incubation
times (24 and 48 h) in 4T1 cells show that after 24 h DX moves into the nucleus (Figure 7).

Drug accumulation in the nucleus starts to become evident after 24 h of uptake of DX-PMs in all
three cell lines explored. In particular, the line-scanning profiles of fluorescence derived from
the CLSM images show that the DX fluorescence signal overlaps with that of dye staining the
nucleus (HOECHST) already after 24 h. At 48 h a very intense DX signal can be appreciated in

a) control osh 4Tl 3y 16 h

DX - PMs

DX

b) control 0.5h Hela 3n 16 h

DX - PMs

DX

C) control 05h A549 3h 16 h

Figure 5 CLSM micrographs showing cellular uptake of DX-NPs (upper panels) and free DX (bottom panels) at different incubation
times for a) 4T1, b) HeLa and c) A549 cell lines. The concentration of DX (free DX and DX NPs) in the cell culture was 1.6 pM. Scale
bar: 20pm. Nuclei are stained with HOECHST dye (blue signal), and DX or DX-NPs are indicated by green signal.
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the nuclear region, almost totally masking
that of HOECHST. In agreement with the
internalization profile observed in the
4T1 cell line, the internalization of DX-
PMs in the HeLa cell line also shows a
similar trend (Appendix, Figure A7.1). In
A549 cells (Appendix, Figure A7.2), a
similar behaviour can be appreciated but
with a DX signal of lower intensity in the
nucleus at 24 h, that increases at longer
times, in line with the less sensitivity of
this cell line to DX. The differences in
drug uptake for free DX and DX-PMs are
also evidenced by the flow cytometry data
reported at different incubation times for
the three cell lines investigated (Figure 6).
At  short incubation times, the
fluorescence intensity of DX-PMs is
almost the double compared with the
mean fluorescence intensity of free DX. A
very similar uptake level is observed for
4T1 and HeLa cells, while A549 cells show
a less efficient internalization of both DX
and DX-PMs, even at longer incubation
times (Figure 6). These results are in good
agreement with CLSM data, which also
show that the internalization efficiency of
DX-PMs is higher than that of free DX. The
increase in the amount of drug detected at
short times within the cells for DX-PMs, is
not coupled to a decrease in cell viability,
which can be explained as a consequence
of the slow release of the drug from DX-
PMs when inside the cells. The lag time
between the accumulation of free and
encapsulated DX in the nucleus results
from the different uptake mechanism of
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Figure 6 Fluorescence flow cytometry mean fluorescence intensity
(normalized respect to the autofluorescence of untreated cells - used
as a control) as a function of exposure time to free DX and DX-NPs by
the cells: a) 4T1, b) HeLa and c) A549 cell lines. The concentration
of DX (free DX and DX NPs) in the cell culture was 1.6 uM. The bar
represents the standard deviation (n=2).

free DX and DX-PMs by the cells [41][42]. It has been reported in the literature that poloxamer-
based drug delivery systems enter cells through endocytosis [43][44][36]. An initial endosomal
confinement of DX-PMs can be assumed before translocation and accumulation in the

cytoplasm. The lag time of DX-PM is compatible with an endocytosis mechanism of entry, which
is followed by the release of DX from the micelles before the drug can reach the nucleus. This
hypothesis is confirmed by the results from the MTT assay, which show a delayed cytostatic
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effect of DX. In the case of free drug, the rapid entry into the cytoplasm by diffusion is
immediately followed by the translocation of the molecule into the nuclei with a prompt
cytotoxic effect. In the case of DX-PM, the cytotoxic effect is delayed at short time, but drastically
enhanced at long time [36][43][44]. Encapsulation of DX in polymeric micelles leads to a slow
diffusion of DX over time to the nucleus, as has been reported for other DX delivery systems
[38]. It might be also considered that the interaction of DX with the NaC probably plays a role
in the slower diffusion of DX. The interaction of DX with NaC could hinder the translocation
from the cytoplasm to the nucleus, as the DX should not be complexed to NaC to interact with
the negatively charged nucleic acids, although further experiments would be needed to confirm
or reject this possibility. From the confocal data of Figure 5, the lag time from cellular
penetration to diffusion to nuclei can be estimated to be as long as 16 h for all the cell lines
investigated. Since free DX penetrates the cells through simple diffusion through the plasma
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Figure 7 CLSM micrographs showing cellular uptake of DX-NPs in 4T1 cell line at two different
incubation times. The concentration of DX-NPs in the cell culture was 1.6 uM. Nuclei are stained
with HOECHST dye (blue), and presence of DX-NPs is shown by green fluorescence. Scale bar:
20 um. The positions where the line-scanning profiles of fluorescence intensity of the cells
(lower graphs) have been taken are indicated by the red arrows. In the fluorescence intensity
plots the blue line indicates signal from HOECHST, and the green line signal from DX.
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membrane, a detected fluorescence emission inside the nucleus with little signal in the cytosol
is also observed at short exposure time, already after 3 h. This fast accumulation of DX into the
nucleus is responsible for the decrease in cells’ viability observed with the MTT assay. A very
similar internalization trend of free DX and DX-PMs is observed for all three cell lines
investigated (Figure 5).

Conclusions

In this study, the amphiphilic poloxamer F127 co-formulated with the bile salt NaC was
employed as a nanocarrier to deliver DX in cancer therapy. DX-PMs were found to have a
uniform core-shell structures with a particle size around 28 nm with a total drug loading
efficiency of up to 30%. Unloaded PMs show high cytocompatibility. The therapeutic efficacy of
the DX-PMs was evaluated by measuring cell viability in three cancer cell lines with different
DX resistance. In all cases, cell viability decreased with DX-PMs but at a slower rate than for free
DX. Cell viability results can be well correlated with the CLSM study of DX intracellular fate.
While free DX accumulates rapidly in the nuclei, the release profile of DX-PMs in the three
different cell lines was found to be time dependent, with an early internalization of DX-PMs into
the cytoplasm and subsequent slow drug release into the nucleus. Our results show that the
strategy of co-formulating poloxamer F127 with the bile salt NaC provides a means to
encapsulate DX (by electrostatic/hydrophobic interaction with the bile salt) in a cytotoxic
relevant dose and enables control of intracellular DX release. The formulations have high
stability, with non-measurable release of the encapsulated DX outside the cell. Furthermore,
DX-PMs have a size compatible with the enhanced permeability and retention (EPR) effect. The
stability and size of DX-PMs therefore makes them particularly well-suited for use in cancer
therapy with potential for tumour selectivity and DX delivery limited to the intracellular milieu.

Further work will focus on investigation of the extremely slow kinetics of DX solubilization and
the exact localization of the drug in the NaC/F127 polymeric micelles by means of 2D-NMR
techniques [45]. From the biological point of view, our efforts are currently dedicated to
establishing the exact mechanism of entry of DX-PMs in the cells by labelling with suitable
fluorescent dyes both the polymers and the NaC. Moreover, in the attempt to ameliorate the
loading efficiency of our drug-delivery system we are exploring bile salts and pluronics with
different hydrophobic/hydrophilic balance, which is expected to play an important role in the
ability of the carrier to uptake and release the drug. Other drugs and pharmacologically active
species are in the meanwhile being investigated as guest molecules.
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