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Fluorescent and biotinylated squalene—gemcitabine prodrug nano-
particles exhibiting high drug payloads have been prepared and suc-
cessfully used to target different cancer cell lines, resulting in increased
cell uptake and improved anticancer efficiency, which represents the
first targeted system derived from the squalenoylation approach.

The medical application of nanotechnology, often termed nano-
medicine, has witnessed a crucial step forward with the develop-
ment of various types of drug carriers.' The encapsulation of drugs
into colloidal nanocarriers (e.g., polymer nanoparticles, micelles,
liposomes, etc.) has, indeed, resulted in intensive research and
promising achievements in the last decade.” However, strong
limitations still remain which may hamper their further transla-
tion to the clinic: (i) the “burst release”, which corresponds to the
rapid release of drugs post-administration and can be harmful to
patients; (ii) the encapsulation of poorly soluble drugs, exhibiting a
high tendency to crystallization and (iii) the poor drug loadings
(generally a few percent) that require the use of a large amount of
nanocarrier materials, which can lead to prohibitive toxicity in vivo.

To resolve these issues, alternative strategies derived from the
prodrug’ concept have recently been reported and hold great hope
due to their ability to suppress the “burst release” and to enable easier
and more efficient incorporation of drugs into nanocarriers. For
instance, drugs can be covalently linked to amphiphilic block
copolymers (mainly on the hydrophobic block that is composed of
the core of the nanoparticle,* at the junction of the two polymer
blocks?), or to the side chain of water-soluble polymers.® In the latter
case, fully water-soluble conjugates or small-size aggregates are
generally formed. Additionally, it has been shown that hydrophobic
polymer chains can also be grown in a controlled fashion from drugs,
leading to either hydrophobic polymer prodrugs further stabilized by
PEG-based surfactants in the case of hydrophobic drugs,® or amphi-
philic polymer prodrugs that can self-assemble into nanoparticles
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when the drug is hydrophilic.” In the past few years, a novel approach
has emerged using squalene (Sq) - a lipidic precursor in the
biosynthesis of cholesterol widely distributed in nature - as a building
block for the synthesis of drug-Sq conjugates that can self-assemble
in aqueous solution to form nanoassemblies with high drug payloads
(~50 wt%).® This approach has been applied to various drugs and
has led to promising results in vivo against several pathologies.’
However, this novel system urgently requires an efficient targeting
strategy that would enhance nanoparticle internalization by cancer
cells via a receptor-mediated mechanism, thus avoiding potential side
effects often faced when using passive drug delivery strategies.
Herein, we report an efficient and simple strategy to conceive
multifunctional Sg-based nanopatrticles (i.e., therapeutic, fluorescent
and targeted) based on the co-self-assembly of the different Sq-based
functional components (Scheme 1), that is: (i) gemcitabine-squalene
(Gem-Sq, a) owing to the demonstrated activity of Gem against a
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Scheme 1 Structure of gemcitabine—squalene (Gem-Sq, a), rhodamine—
squalene (Rho-Sq, b) and biotin—squalene (Biotin—Sq, c), and their co-self-
assembly to prepare multifunctional nanoparticles for cancer cell targeting.

This journal is © The Royal Society of Chemistry 2014


http://dx.doi.org/10.1039/c3cc47427e
http://pubs.rsc.org/en/journals/journal/CC
http://pubs.rsc.org/en/journals/journal/CC?issueid=CC050040

Published on 18 October 2013. Downloaded by Northeastern University on 31/10/2014 16:36:24.

Communication

(a)

200 06
180 )
— o
< 160 \ a3, —F {05}
3w T s
042
120 g
100 § 03 &
80 A —= @
> 60 ',A{“ F‘\‘\%' =F——1%2 &
[ 2
e
o G 01 g
20 S
2 0 0.0
= 10
20 /_\,/\\
30F R
4
40
M 01 23 45 6 7
Time / days

Fig. 1 Evolution of the average diameter, the particle size distribution and
the zeta ({) potential with time (a), and cryogenic transmission electron
microscopy images (b) of Gem-Sqg/Biotin-Sq/Rho-Sq (86:9:5 wt%)
multifunctional nanoparticles N1*.

wide range of solid tumors;' (i) rhodamine-squalene (Rho-Sq, b)
due to advantageous properties of Rho (e.g;, high water solubility,
good photostability, etc.) and the retained fluorescence emission at a
broad range of pH of its tertiary amide derivative;'* and (iii) biotin-
squalene (Biotin-Sq, c) in order to selectively target cancer cells via
biotin receptors overexpressed at the surface of many cancer cells."?

Rho-Sq was simply achieved in 90% yield by direct acylation of the
piperazine-functionalized thodamine B" with the chloroformate mixed
anhydride of trisnor-squalenic acid.t On the other hand, Biotin-Sq was
obtained from conjugation of biotin to trisnorsqualenol through a short
hydrophilic triethylene glycol linker (to promote surface ligand display
from the resulting nanoparticles) via Mitsunobu reaction.t

Multifunctional nanoparticles N1* were prepared by co-self-
assembly of Gem-Sq, Biotin-Sq and Rho-Sq (86:9:5 wt%) in
aqueous solution via the nanoprecipitation technique. The average
diameter, D,, was 149 + 3 nm with a narrow particle size distribu-
tion (PSD) of ~0.15, and a zeta ({) potential value of —25 £+ 3 mV.
Their colloidal stability was assessed over a period of at least 7 days,
during which little variations in their colloidal characteristics were
noticed (Fig. 1a). Cryogenic-transmission electron microscopy
(Cryo-TEM) showed spherical morphologies and average diameters
in good agreement with DLS data (Fig. 1b). Interestingly, a thorough
inspection of Cryo-TEM images showed internal organization of the
nanoparticles, similarly to what has been previously observed with
Gem-Sq nanoassemblies® (see the inset in Fig. 1b).

Three cancer cell lines; human breast adenocarcinoma cells
(MCF7), murine lung cancer cells (M109) and human cervix
carcinoma cells (HeLa), which overexpress biotin receptors,'*"?
were chosen to evaluate the tumor targeting ability of the multi-
functional nanoparticles N1* and compared to non-biotinylated
Gem-Sq/Rho-Sq nanopatrticles N1 (D, = 120 nm, PSD = 0.19). After
incubation at different time intervals, the cells were collected for
analysis of rhodamine B fluorescence by flow cytometry. The results
showed a higher cell fluorescence intensity of all three cell lines
when biotin-decorated nanoparticles N1* were employed, as
opposed to the treatment with N1 (Fig. 2a—c). This demonstrated
the surface availability of biotin and the effectiveness of the
targeting. When incubation was achieved for 4 h at 4 °C, the cell
fluorescence intensity of all the three cell lines dramatically
decreased down to very low values with both types of nanoparticles
(Fig. 2d), suggesting internalization rather governed by endocytosis.
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Fig. 2 Kinetics of cell capture of non-functionalized (Gem-Sq/Rho—-Sq)
N1 and biotin-functionalized (Gem-Sq/Biotin—-Sq/Rho-Sq) N1* nano-
particles in MCF7 (a), M109 (b) and Hela (c) cells. Fluorescence of cells
after incubation of MCF7, M109 and Hela cells with nanoparticles N1 and
N1* for 4 h at 4 °C or 37 °C (d).

The use of specific endocytosis inhibitors (chlorpromazine,
filipin III and amiloride, respectively, associated with clathrin-
mediated endocytosis, caveolae-mediated endocytosis and macro-
pinocytosis)'* suggested that the biotinylated nanoparticles were
internalized by endocytosis; clathrin and caveolae-mediated endo-
cytotic pathways being both involved (Fig. S2).1 Conversely, non-
functionalized nanoparticles were not affected by endocytosis
blockers, in agreement with previous literature.'”

Importantly, in order to demonstrate the integrity of the nano-
particles during in vitro experiments (ie., the absence of colloidal
disassembly that would split up Rho-Sq, Gem-Sq and Biotin-Sq), a
similar experiment was performed with the double fluorescence
labelling by using Rho-Sq and Chol-BODIPY (Table S1).1 Incubation
of Hela cells with the resulting dual fluorescent nanoparticles; either
targeted N2* (Gem-Sq/Biotin-Sq/Rho-Sq/Chol-BODIPY) or N2 (Gem-
Sq/Rho-Sq/Chol-BODIPY), was monitored by flow cytometry through
both fluorescence channels associated with rhodamine B and BODIPY.
Whereas Rho-Sq/Chol-BODIPY dyes alone (N3) resulted in poor cell
capture, nanoparticles N2* and N2 led to similar cell internalization
patterns two-by-two, whatever the fluorescence channel (ie., by follow-
ing each dye individually) (Fig. S1). Moreover, the improved inter-
nalization, at 37 °C, of biotin-functionalized nanoparticles N2*
compared to non-targeted counterparts N2 was confirmed for both
channels. At 4 °C, very low cell internalization was again noted.

Additionally, confocal microscopy investigation showed that
multifunctional nanoparticles N2* are localized intracellularly as
endocellular and perinuclear fluorescent spots, suggesting an endo-
lysosomal distribution (Fig. 3). Noteworthy is the fact that the nearly
perfect co-localization of the two fluorochromes, as attested by the
overlay of the red and green fluorescence channels, suggested that
the nanoparticles are likely to be still intact after 24 h of incubation.

In order to assess the therapeutic effect of the targeted Sq-based
nanopatrticles N1*, they were then tested for their in vitro anticancer
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Fig. 3 Confocal microscopy images [red (Rho, a) and green (BODIPY, b)
fluorescence images] and merge of red and green fluorescence images with
the Nomarski image (c) after a 24 h incubation of Hela cells with dual
fluorescent Gem—Sq/Biotin—Sq/Rho-Sq/Chol-BODIPY N2* nanoparticles.
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Fig. 4 Viability assay (MTT test) on Hela (a), M109 (b) and MCF-7 (c) cells
with increasing concentrations of free Gem, Gem-Sqg nanoparticles N4,
Biotin—Sq/Rho—-Sqg nanoparticles N5 and nanoparticles N1*.

activity on HeLa, M109 and MCF7 cancer cells by means of the MTT
assay and compared to free Gem, Gem-Sq nanoparticles N4 (D, =
140 nm, PSD = 0.14) and control Biotin-Sq/Rho-Sq nanoparticles N5
(see Table S1).+ While control nanoparticles N5 showed no cytotoxicity,
targeted nanoparticles N1* exhibited superior anticancer activity for all
three cell lines compared to Gem-Sq nanoparticles (Fig. 4). Although
improvement with M109 cells was rather modest, higher cytotoxicity
was observed on HeLa and MCF?7 cells. For instance, ICs, of targeted
nanoparticles N1* was 330 &= 12 nM for HeLa cells, whereas Gem-Sq
nanoparticles displayed an ICs, value of 710 £ 42 nm. This shows that
biotin-functionalized nanoparticles were able to enter cancer cells
more efficiently, likely via biotin receptors, than non-functionalized
nanoparticles. The observation that nanoparticles were less cytotoxic
than free Gem was not surprising, due to their prodrug nature
(ie.,, hydrolysis of the amide bond between Sq and Gem must occur
to release the active Gem), with however ICs, values remaining in the
nanomolar range. Note that the small amounts of Biotin-Sq and
Rho-Sq in N1* are unlikely to alter the Gem release from Gem-Sq
nanoparticles in biological media.*®

For the first time, therapeutic, fluorescent and targeted nano-
particles based on the naturally occurring Sq, using biotin as a
cancer cell recognition ligand and rhodamine as a fluorescent
moiety, have been prepared. The method is very simple and relies
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on the concomitant self-assembly of the different Sq-based building
blocks to furnish stable multifunctional nanoparticles. They demon-
strated improved internalization in different cancer cell lines as well
as greater anticancer activity than non-functionalized Gem-Sq nano-
particles. This approach could be easily applied to other anticancer
drugs (e.g, nucleoside analogues, antifolic acid compounds, etc.),
fluorescent dyes or biologically active ligands (e.g., folic acid, anisa-
mide, small peptidic sequences, etc.). Therefore, it paves the way to
the design of various multifunctional Sq-based nanoparticles simply
by changing the nature of the functional moiety linked to the Sq.
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