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Original Article
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Selective delivery of anticancer drugs to rapidly growing cancer
cells can be achieved by taking advantage of their high receptor-
mediated uptake of low-density lipoproteins (LDLs). Indeed, we
have recently discovered that nanoparticles made of the squa-
lene derivative of the anticancer agent gemcitabine (SQGem)
strongly interacted with the LDLs in the human blood. In the
present study, we showed both in vitro and in vivo that such
interaction led to the preferential accumulation of SQGem in
cancer cells (MDA-MB-231)with high LDL receptor expression.
As a result, an improved pharmacological activity has been
observed in MDA-MB-231 tumor-bearing mice, an experi-
mental model with a low sensitivity to gemcitabine. Accord-
ingly, we proved that the use of squalene moieties not only
induced the gemcitabine insertion into lipoproteins, but that
it could also be exploited to indirectly target cancer cells in vivo.

INTRODUCTION
Selective delivery of anticancer compounds to tumor cells might be
achieved by taking advantage of some unique features displayed by
these cells, such as the increased metabolic requirements associated
with their elevated proliferation rate.1 For instance, higher amounts
of cholesterol are essential for cell proliferation, in order to build
more cell membranes.2 This observation is supported by epidemio-
logical studies that revealed a reduction in plasma cholesterol
levels in patients suffering from certain types of cancer.3–6 Later on,
a high-fat diet-induced hypercholesterolemia was recognized as a
factor of an enhanced aggressiveness in several animal tumor
models.7–9 In addition, a large number of emerging reports continue
to reveal the complex role of cholesterol in cancer development and
progression.10–12 Intracellular cholesterol levels can be regulated by
cancer cells through de novo synthesis or receptor-mediated uptake
of low-density lipoproteins (LDLs), which are the main source of
cholesterol for the peripheral tissues.13 Uptake of LDLs is often
used by fast proliferating cancer cells to satisfy their cholesterol needs,
as supported by the observation that various hematological14,15 and
solid tumors16–18 display an increased uptake of LDLs compared
with healthy tissues.3

In this view, endogenous, long-circulating LDL particles have been
proposed as delivery vehicles for lipophilic anticancer drugs.18–20

LDL, an approximately 22-nm particle, is composed of a hydro-
phobic core containing cholesterol esters and triglycerides sur-
rounded by a phospholipid monolayer containing free cholesterol
and a single copy of apolipoprotein B-100 (apoB-100), which is
responsible for the interaction with LDL receptors (LDLRs).21,22

Many examples of increased efficacy of anticancer agents after their
incorporation into LDL particles isolated from human plasma have
been reported.23–27 However, the main challenges of this approach
rely on the complex isolation of LDLs from human plasma and their
preservation in intact form, the potential pathogen contamination,
the need for efficient drug loading techniques, as well as the limited
stability of the resulting drug-LDL complexes.26,28 In an attempt to
overcome some of these drawbacks, synthetic LDL-like particles
consisting of commercial lipids were developed.29,30 Nevertheless,
other difficulties (e.g., availability of apoB-100, batch reproducibility,
and production costs) have thwarted this promising approach,31,32

thus seriously hampering any further industrial development. In
contrast to these somewhat complicated approaches, we have
recently observed that it was possible to exploit the circulating lipo-
proteins as indirect natural carriers of intravenously administered
drug molecules, if these drugs are equipped with a LDL affine
moiety.33

The proof of concept of this approach has been achieved by the
chemical linkage of the anticancer drug gemcitabine (Gem) to squa-
lene (SQ; a natural lipid precursor of the cholesterol’s biosynthesis),
which additionally triggers the self-assembly of the SQ-drug bio-
conjugates into nanoparticles (SQGem NPs).34 The conjugation
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to SQ has also allowed for reduction of Gem blood clearance and
metabolization, and also achievement of improved anticancer effi-
cacy on different experimental tumor models, compared with the
free drug.35,36 Moreover, we have recently discovered that by virtue
of the bio-similarity between SQ and cholesterol (the natural load
of lipoproteins), the SQGem bioconjugates were capable of sponta-
neously interacting and then being transported by plasma lipopro-
teins in the blood circulation, in particular via cholesterol-rich ones,
both in vitro in human blood and in vivo in rodents, whereas the
free drug did not interact with lipoproteins.33 In the present study,
whether the spontaneous interaction between SQGem NPs and
LDLs (i.e., cholesterol-rich particles in humans) could mediate
the targeting toward cancer cells with high LDLR activity has
been investigated. We showed that the level of LDLRs positively
affected the uptake and cytotoxicity of SQGem NPs in vitro, and
the same behavior was observed also in vivo in tumor-bearing
mice. These results provided evidence that the insertion of Gem
into lipoproteins, driven by the SQ moiety, can be applied
for indirect cancer cell targeting and improvement of the drug ther-
apeutic profile.

RESULTS AND DISCUSSION
Preparation and Characterization of SQGem, 2H-SQGem, and
3H-SQGem NPs

The SQGem bioconjugate has been synthesized as previously
described by chemical linkage of the 1,1’,2-trisnorsqualenic acid
onto theC-4 amino group of theGem.34 2H-SQGemwas similarly pre-
pared using hexadeutero-trisnorsqualenic acid, whereas 3H-SQGem
was obtained by coupling 50-3H-Gem with 1,1’,2-trisnorsqualenic
acid. NPs were prepared by nanoprecipitation of the organic solution
of SQGem in water and subsequent solvent evaporation. Deuter-
ated (2H-SQGem)37 and tritiated (3H-SQGem)38 bioconjugates were
used to track NPs and quantify their uptake (Figure 1A). Neither
nanoparticle size nor polydispersity index was affected by the labeling
procedures: size of nanoparticles was around 130 nm, displaying nar-
row size distribution (polydispersity index < 0.2) (Figure 1B).

SQGem and Gem Cytotoxicity and LDLR Expression in Cancer

Cell Lines

The in vitro cytotoxicity of SQGem NPs and free Gem was assessed
on human cancer cell lines using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) viability assay. The choice
of tested cell lines was based on: (1) the existing literature data con-
cerning the correlation between the cholesterol uptake and the cancer
progression, and/or (2) the clinical therapeutic indications for Gem.39

Hence four different human cancer cell lines were chosen: lung cancer
(A-549),40,41 ovarian cancer (SK-OV-3),42 and two breast cancer cell
lines (MCF-7 and MDA-MB-231).7,17 Cells were exposed to a range
of different concentrations of SQGem NPs or free Gem for 72 hr;
then the half maximal inhibitory concentration of cell proliferation
(IC50) was calculated. The IC50 values measured for Gem on A-549,
SK-OV-3, and MCF-7 cells were lower comparatively to SQGem
NPs (Figures 2A–2C), in agreement with previous observations
with other cell lines.35,43 This is ascribed to the prodrug nature of
SQGem, resulting in delayed cytotoxicity. An opposite behavior was
instead observed with the MDA-MB-231 cells for which a 4-fold
lower IC50 value was observed with the SQGem NPs compared
with the free drug (1.5 mM versus 6.8 mM) (Figure 2D). Among the
four different cell lines, we had previously showed that the MDA-
MB-231 displayed the highest expression of LDLRs.33 Thus, the
observed higher cytotoxicity of SQGem nanoparticles compared
with the free drug, together with the overexpression of LDLRs,
made this cell line an attractive tool to investigate the implication
of LDLRs in SQGem uptake and pharmacological activity.

In Vitro and In Vivo SQGem Uptake in Breast Cancer Cells with

Different LDLR Expression

The contribution of the LDLR in the cell uptake of SQGem NPs was
further investigated onMDA-MB-231 andMCF-7 breast cancer cells,
displaying respectively high and low levels of LDLR expression.33 NP
cell uptake and intracellular localization were visualized by confocal
Ramanmicroscopy, an emergingmethod for the analysis of therapeu-
tics and their interactions with biological tissues.44 Confocal Raman
microscopy allows for chemically selective analysis, because different

Figure 1. Structures of the Bioconjugates and Physico-chemical Properties

of the NPs Used in This Study

(A) Chemical structures of SQGem, 2H-SQGem, and 3H-SQGem bioconjugates,

and schematic representation of the corresponding unlabeled, deuterated, and

tritiated NPs prepared according to the nanoprecipitation technique. Color changes

as compared with the unlabeled bioconjugate highlight chemical modification on

the SQ (green) or the Gem (yellow) moiety. (B) Mean diameter and polydispersity

index (PDI) of SQGem, 2H-SQGem, and 3H-SQGem NPs.
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molecular structures scatter the laser light in different patterns.
However, appropriate spectral assignment is frequently a challenge
for cell imaging because each compartment (i.e., nucleus, cytoplasm,
and intracellular lipid droplets) contributes to the overall Raman
spectrum of the cell (Figure 3A), thus restraining differentiation of
chemically similar compounds. The use of NPs resulting from the
self-assembly of a deuterated SQGem bioconjugate (2H-SQGem)37

enabled differentiation of the endogenously similar Raman spectra
of SQ-based NPs and intracellular lipid droplets (Figure 3B). Such
deuterated SQGem NPs allowed for detection and visualization by
confocal Raman microscopy even in the lipid-rich intracellular envi-
ronment, based on the unique spectral bands of the deuterium isotope
generated in the so-called silent region (around 2,200 cm�1), in which
no significant spectral contributions of other biomacromolecules are
observed (Figure 3B).45–49

Confocal Ramanmicroscopy images of both cell lines prior toNP incu-
bation (control experiments) revealed that MDA-MB-231 cells were
much more abundant in intracellular lipid droplets (cyan spots) than
MCF-7 cells, thus indicating a difference in the lipid metabolism be-
tween the two cell lines (Figures 4A and 4B). Interestingly, these obser-
vations were in accordance with previous reports about the high lipid-
accumulating character of MDA-MB-231 cells.50 After 2 hr incubation
with 2H-SQGem NPs, a significant intracellular accumulation was
observed in MDA-MB-231 cells (pink spots in Figure 4), whereas no
NPs were detected in MCF-7 cells under the same conditions (Figures
4C and 4D), probably as a consequence of their lower LDLR expression.

Confocal Raman microscopy observations were confirmed by quan-
tifying the uptake of tritiated SQGem NPs in these two breast cancer
cell lines, as well as in MRC-5 fibroblasts chosen as a model of healthy

Figure 2. SQGem NPs and Gem Cytotoxicity

(A–D) Cell viability of (A) A-549, (B) SK-OV-3, (C) MCF-7,

and (D) MDA-MB-231 cells treated with increasing con-

centrations of Gem as free drug or in the form of SQGem

NPs for 72 hr at 37�C. Values represent mean ± SD.

cells with an inferior requirement for LDLs
compared with cancer cells. Notably, these
fibroblasts, similar to MCF-7 cells, displayed
lower expression of LDLRs as compared with
the MDA-MB-231 cells.33 Incubation with
3H-SQGem NPs at 37�C resulted in a higher
radioactivity signal in MDA-MB-231 cells
compared with MCF-7 and MRC-5 cells (Fig-
ure 5), thus confirming that a higher LDLR
expression induced greater SQGem NP uptake.
Such observation was in agreement with the
results previously obtained in vivo on MDA-
MB-231 and MCF-7 tumor-bearing mice fed
a high-cholesterol diet in order to increase their
level of circulating LDLs. Indeed, in xenografts
originating from MDA-MB-231 cells (high

LDLR expression), a 2-fold higher radioactivity signal was measured
6 hr post administration of a single dose of 3H-SQGem NPs,
compared with MCF-7 (low LDLR expression)-derived tumors.33

It has to be noted that, unlike the MCF-7 cells, the MDA-MB-231
cells satisfy their cholesterol needs mainly via uptake of circulating
LDL particles, rather than by de novo cholesterol synthesis.50,51

Such dependence on the LDL uptake was also supported by previous
observations that human LDLs significantly increased the prolifera-
tion of the MDA-MB 231 cells52 but not of the MCF-7 cells, in a
dose-dependent manner.53 Altogether, these data suggest that the
specific metabolism of MDA-MB-231 cells may account for their
higher uptake of SQGem NPs.

Additional studies have been performed on the MDA-MB-231 cell
line by measuring the cell uptake of radiolabeled 3H-SQGem NPs
versus 3H-Gem after 30 min, 2 hr, 4 hr, and 6 hr of incubation at
4�C and 37�C. The significantly higher uptake at 37�C, compared
with 4�C (Figure 6A), clearly demonstrated that the cell capture of
SQGem NPs was mainly obtained via an energy-dependent mecha-
nism, which corroborated the hypothesis of a strong implication of
LDLRs in nanoparticle uptake. Noteworthy is that the cell uptake of
SQGem NPs was significantly higher compared with free Gem (Fig-
ure 6B), thus indicating that the cell internalization of this compound
is rather mediated by transporters other than the LDLRs (e.g., nucle-
oside transporters).54

Influence of LDLR Activity and Expression on the Uptake in

MDA-MB-231 Cells

Expression and availability of LDLRs on MDA-MB-231 cells have
been tuned in order to further elucidate the involvement of LDLRs
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in the energy-dependent cell uptake of SQGem NPs. Because LDLs
are the main source of exogenous cholesterol for the cell, the expres-
sion of LDLRs is normally regulated by the cellular demand of
cholesterol.55 Hence cholesterol-deprived cells cultivated in medium
supplemented with lipoprotein (LP)-deficient serum (LPDS) would
have an increased activity of LDLRs, whereas pre-saturation with
an excess of LDLs would block the number of available LDLRs.
Thus, the higher expression of LDLRs of MDA-MB-231 cells culti-
vated in a medium deficient in lipoproteins (LPDS-supplemented
medium) has been confirmed by western blotting (Figure S1).

LDLR modifications clearly affected the cell uptake of 3H-SQGem
NPs. At any time point, the cell starvation with LPDS significantly
increased 3H-SQGem NPs cell uptake, whereas a competition with

an excess of LDLs resulted in 2- to 3-fold reduction in the measured
intracellular radioactivity signal (Figures 7A–7C, solid purple bars).
In this study, SQGem NPs were diluted to the desired concentration
with fetal bovine serum (FBS)-supplemented culture medium and
incubated (30min, 37�C) before addition to the cells, in order to allow
the interaction between the SQGem bioconjugates and LPs present
in the serum. These data confirmed the ability of LDL particles to
mediate the SQGem NPs cellular uptake via the LDLRs. On the con-
trary, the uptake of free Gem remained unchanged regardless of the
modification of LDLRs (Figures 7A–7C, solid blue bars), which was
in agreement with the lack of interactions between free Gem and lipo-
proteins.33 However, whether SQGem NPs could be cell-internalized
via the LDLR without requiring the intervention of LDLs as inter-
mediate carriers deserved to be further investigated. Thus, in order
to investigate the capture of 3H-SQGem NPs by MDA-MB-231 cells
in the absence of any interaction between nanoparticles and lipopro-
teins, we performed an additional set of experiments according to the
already used experimental conditions, except that SQGem NPs were
diluted and preincubated with LPDS-supplemented medium, instead
of FBS. Surprisingly, the cell uptake of 3H-SQGem NPs (Figures 7A–
7C, square pattern purple bars) was similar to that of nanoparticles
preincubated with FBS-supplemented medium. On the other hand,
the uptake of the free Gemwas not affected by any of the experimental
conditions (Figures 7A–7C, square pattern blue bars). Although these

Figure 3. Raman Microscopy Spectra

(A) Single Raman spectra of nucleus, cytoplasm, and intracellular lipid droplets

in MDA-MB-231 cells. (B) Raman spectra of lipid droplets, SQGem NPs, and
2H-SQGem NPs. The region of interest is highlighted.

Figure 4. Confocal Raman Images of MDA-MB-231 and MCF-7 Breast

Cancer Cell Lines Showing a Comparison of 2H-SQGem NPs Uptake

(A and B) Representative images of non-treated MDA-MB-231 (A) and MCF-7 (B)

cells (control). (C and D) MDA-MB-231 (C) and MCF-7 (D) cells incubated with NPs

(77 mM) for 2 hr at 37�C. False-color Raman images were generated based on

different scattering patterns of different cellular compartments. False colors visualize

nucleus in dark blue, cytoplasm in white, lipid vesicles in cyan, and 2H-SQGem in

pink. Scale bars, 10 mm.
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results suggested that the interaction of 3H-SQGem NPs with LDLs
was not mandatory for nanoparticle uptake via the LDLRs, it must
be considered that the commercial LPDS used in this study contained
still up to 5% of residual lipoproteins (as stated by the provider). Thus,
it could not be excluded that this residual amount of lipoproteins
(although low) might still mediate the cell uptake of the 3H-SQGem
NPs. Then, to completely ensure the absence of lipoproteins, a final
experiment has been carried out by dilution and preincubation of
SQGem NPs with the pure medium. In the total absence of LPs, there
were clearly no differences concerning the uptake of 3H-SQGem NPs
by cells cultured in FBS- or LPDS-supplemented medium, although
the latter overexpressed the LDLRs (Figure 7D, striped purple
bars). These results confirmed that the establishment of preliminary
interactions between SQ bioconjugates and lipoproteins was neces-
sary to target LDL-accumulating cells such as MDA-MB-231.

Influence of the Diet on Circulating LDL Levels in Mice

Whether these results obtained in vitro could be transferred to in vivo
animal tumor models deserved further investigation. However, the
methodology to be used was not obvious, because important differ-
ences exist between the metabolism of lipids in humans and in
rodents. In the former, the abundant LDL particle population carries
about 75% of plasma cholesterol and represents the main source
of cholesterol for peripheral tissues,13 whereas in the latter, because
of the lack of cholesteryl ester transfer from HDLs to LDLs and
very low-density lipoproteins (VLDLs),56 the amount of circulating
plasma LDLs is almost negligible. To examine the role of the interac-
tion of SQGem with LDLs and the LDLR-mediated uptake in vivo on
xenografted tumor models, it was necessary to increase the amount of
circulating LDLs in mice. Even though this increase could be achieved

by simply using a diet with high cholesterol content, mice are known
to be very resistant to elevated fat or cholesterol dietary intake and
their response is highly strain dependent.57 Accordingly, we have
investigated the effect of a diet with high cholesterol content (2%)
on three different immunodeficient mouse strains (SCID/beige,
SCID/BALB/c, and Athymic nude) and compared the level of circu-
lating LDLs with that of mice fed a chow diet with standard choles-
terol (SC) content (<0.3%). Of note, the immunodeficient character
was necessary to make these strains suitable for the development of
human experimental tumors. The C57BL/6 strain was used as
positive control because of its known sensitivity to a high-cholesterol
diet.58 Among the immunodeficient mice, only the athymic nude
ones showed a clear increase (more than 2-fold) in LDL/VLDL
circulating cholesterol level after 4 weeks on an high cholesterol
diet (Figure S2). Accordingly, this strain was chosen for further
studies.

In Vivo Anticancer Activity of SQGem NPs on MDA-MB-231

Tumor-Bearing Mice

Finally, we have investigated whether the SQGem/LDL interaction
and the LDLR-mediated uptake could translate into increased in vivo
anticancer activity on MDA-MB-231 tumor-bearing athymic mice
fed a high cholesterol diet. This dietary intake started 4 weeks before

Figure 5. 3H-SQGemNPs Uptake in MDA-MB-231, MCF-7, andMCR-5 Cells

Comparison of 3H-SQGem NPs uptake after 30 min, 2 hr, 4 hr, and 6 hr incubation

at 37�C. SQGem concentration: 10 mM. Results are expressed as nanomoles

of Gem per million of cells. Data represent mean ± SEM (*p < 0.05; **p < 0.01;

***p < 0.001).

Figure 6. Uptake of 3H-SQGem NPs and 3H-Gem in the MDA-MB-231

Cell Line

(A) Comparison of 3H-SQGem NPs (10 mM) uptake at 37�C and 4�C. (B) Com-

parison of 3H-SQGem NPs (10 mM) and 3H-Gem (10 mM) uptake at 37�C. Results
are expressed as nanomoles of Gem per million cells. Bars represent mean ± SEM

(**p < 0.01; ***p < 0.001; n = 3).

Molecular Therapy

1600 Molecular Therapy Vol. 25 No 7 July 2017



tumor induction. When tumors reached a volume of 100 mm3, mice
were injected intravenously (days 0, 4, 8, and 14) with either SQGem
NPs (10 mg/kg eq. Gem) or free Gem (10 mg/kg). Dextrose-treated
mice were used as a control. Tumor growth was not affected by the
treatment with the free Gem and overlapped the tumor progression
in the control group. On the contrary, SQGem NPs induced a reduc-
tion in tumor volume ratio by 48% and 39% compared with dextrose
and free Gem, respectively (Figure 8).

The superior in vivo anticancer activity of SQGem NPs over the free
Gem is in agreement with the in vitro cytotoxicity results that showed
that SQGem NPs inhibited the MDA-MB-231 cell growth at concen-
trations lower than did the free drug (Figure 2D). In vitro, IC50 values
also indicated a low sensitivity of this cell line to Gem, herein
confirmed by the absence of any inhibitory effect of the free drug
on the tumor progression. Nevertheless, in spite of this low inherent
sensitivity to Gem, a significantly slower tumor growth was obtained
when Gem was delivered in the form of SQ-based nanoparticles,
probably as a consequence of the different mechanism of uptake
and subsequent intracellular drug release. The obtained results clearly
indicated the possibility that endogenous LDL particles can assist the
targeting of the squalenoylated Gem toward the high LDLR-
expressing MDA-MB-231 cells.

The high tendency of this tumor to accumulate LDL particles was
confirmed by the dosage of the circulating LDL-cholesterol before
and after the tumor induction. Indeed, even though the 4-week high
cholesterol dietary intake resulted in a 2-fold increase in circulating
LDL-cholesterol level, a significant reduction was measured 2 weeks
after the grafting of the tumor cells (Figure S3), a trend that was not

Figure 7. Cell Uptake of 3H-SQGemNPs and 3H-Gem

as a Function of LDLR Expression and Availability

(A–C) MDA-MB-231 cells were cultured for 24 hr in

medium supplemented with FBS, LPDS, or an excess of

LDLs in LPDS-supplemented medium (LPDS + LDL) and

then incubated with 3H-SQGem NPs (10 mM) or 3H-Gem

(10 mM) for (A) 30 min, (B) 2 hr, or (C) 8 hr. Before addition

to cells, 3H-SQGem NPs and 3H-Gem were diluted with

FBS-supplemented medium (solid purple or blue bars,

respectively) or LPDS-supplemented medium (square

pattern purple or blue bars, respectively) and pre-incu-

bated in thesemedia for 30min at 37�C. (D) MDA-MB-231

cells were cultured for 24 hr in medium supplemented

with FBS or LPDS and then incubated with 3H-SQGem

NPs (10 mM) (striped purple bars) or 3H-Gem (10 mM)

(striped blue bars) for 30 min. Before addition to cells,
3H-SQGem NPs and 3H-Gem were diluted with pure

medium and pre-incubated for 30 min at 37�C. Results
are expressed as nanomoles of Gem permillion cells. Bars

represent mean ± SEM.

observed in healthy high cholesterol content
diet-fed mice under the same experimental con-
ditions, but without the tumor grafting. This
observation is in accordance with numerous

epidemiological studies that revealed a correlation between the reduc-
tion in circulating LDL level and cancer progression.

Conclusions

This study highlights that the strong affinity of SQ-Gem nanoparticles
for circulating LDL confers an indirect targeting capability toward
cancer cells with LDL-accumulating character, which results in sig-
nificant anticancer efficacy, even in tumors with a low sensitivity to
Gem. Although Gem is not the first-line treatment for breast cancer,
the MDA-MB-231 breast cancer cell line used in this study enabled us
to provide proof of concept of the feasibility of this “indirect” drug-
targeting approach. Notably, it simply relies on spontaneous intravas-
cular events and thus allows for overcoming the industrial hurdles in
terms of isolation of human LDLs or synthesis of LDL-like particles.
Importantly, we have previously demonstrated that the interaction
with lipoproteins is not exclusive of SQGem but represents a more
general concept common to different SQ derivatives. Accordingly,
it opens an entirely new perspective, which may significantly advance
the application of LDLs in drug delivery. Obviously, any clinical
application would require taking into account the individual lipopro-
tein profile of each patient.

MATERIALS AND METHODS
Materials

Gem hydrochloride was obtained from Sequoia Research Products,
and 4-(N)-trisnorsqualenoyl-Gem (SQGem) was synthesized as
previously reported.34 3H-Gem hydrochloride was obtained from
Moravek Biochemicals, whereas 3H-SQGem and 2H-SQGem were
synthesized as described elsewhere.33,37 Dexamethasone disodium
phosphate was purchased from Fagron. Dextrose and cell culture
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media were obtained from Sigma-Aldrich. LDLs from human plasma
were obtained from Thermo Fisher Scientific. Bidistilled MilliQ water
was produced using a water purification system (Millipore).

Preparation and Characterization of SQGem Nanoparticles

SQGem nanoparticles (NPs) were prepared according to the nano-
precipitation technique. In brief, SQGem was dissolved in ethanol
(2, 4, or 8 mg/mL) and then added drop by drop under magnetic stir-
ring into 1mL ofMilliQ water (ethanol/water 0.5/1 v/v). Formation of
NPs occurred spontaneously without addition of any surfactant. After
solvent evaporation under reduced pressure, an aqueous suspension
of SQGem NPs was obtained (final SQGem concentration 1, 2, or
4 mg/mL). For in vivo experiments, dextrose (5% w/v) was added
to the final formulation. Mean particle size and polydispersity index
were systematically determined after preparation by quasi-elastic
light scattering at 25�C using a Malvern Zetasizer Nano ZS (Malvern
Instrument). For deuterated and radiolabeled NPs, the deuterated
(2H-SQGem) or the tritiated bioconjugates (3H-SQGem) were added
into the ethanolic SQGem solution, and nanoparticles were then pre-
pared as described above. Volume activity of radiolabeled NPs was
15.48 mCi/mL.

Cell Lines and Culture Conditions

Healthy human lung fibroblasts (MRC-5) and four human cancer
cell lines (breast basal epithelial cells [MDA-MB-231 and MCF-7],
ovarian adenocarcinoma cells [SK-OV-3], and adenocarcinoma
alveolar basal epithelial cells [A-549]) were obtained from ATCC
and maintained as recommended. In brief, MDA-MB-231 cells

were cultured in Leibovitz’s L15 medium supplemented with 15%
(v/v) FBS, glutamine (2 mM), and sodium hydrogen carbonate
(20 mM). MCF-7 cells were grown in DMEM/Nutrient Mixture
F-12 (DMEM-F12) supplemented with 10% (v/v) heat-inactivated
(56�C, 30 min) FBS. SK-OV-3, A-549, and MRC-5 cells were
cultured in McCoy’s 5A, RPMI 1640, and Eagle’s minimal essential
medium (EMEM), respectively, supplemented with 10% (v/v) FBS.
Penicillin (50 U/mL) and streptomycin (50 U/mL) (Lonza) were
added to all media. Cells were maintained in a humid atmosphere
at 37�C with 5% CO2.

Cytotoxicity Assay

Cytotoxicity studies were performed using the MTT test. 100 mL
of cell dispersion (3 � 104, 5 � 104, 5 � 104, and 1 � 105 cells/mL
for A-549, SK-OV-3, MCF-7, and MDA-MB-231, respectively) was
seeded in 96-well plates 24 hr before the treatment with serial dilu-
tions of SQGem NPs or free Gem in culture media. After 72 hr incu-
bation, 20 mL of a 5 mg/mL MTT (Sigma-Aldrich) solution in PBS
was added to each well for 2 hr. Then, culture medium was removed
and formazan crystals were dissolved in 200 mL of DMSO. Spectro-
photometric measurements of the solubilized dye absorbance were
performed on a microplate reader (LAB System Original Multiscan
MS) at 570 nm. The cell viability for each treatment was calculated
according to the ratio of the absorbance of the well containing treated
cells versus the average absorbance of control wells (i.e., untreated
cells). All experiments were repeated at least three times.

Role of Culture Medium on LDLR Expression

MDA-MB-231 cells were cultured for 24 hr in FBS or LPDS-sup-
plemented medium. Then, cells were lysed in RIPA buffer (Sigma-
Aldrich) supplemented with a phosphatases- and proteases-inhibitor
cocktail (Sigma-Aldrich), vortexed, and centrifuged (15min, 11,000�
g, 4�C). The concentration of extracted proteins was then measured
using a colorimetric assay (Pierce BCA Protein Assay kit; Thermo
Fisher Scientific). Equal amounts (30 mg) of proteins were incubated
for 5 min at 99�C with Laemmli sample buffer supplemented with
5% b-mercaptoethanol (Bio-Rad) and then separated on SDS-
polyacrylamide gels (Mini-Protean-TGX4�15%; Bio-Rad). Separated
proteins were further transferred to polyvinylidene difluoride (PVDF)
membrane using a liquid transfer system (100 V, 45 min). After the
blockage (5% dry milk suspension in 0.1% Tween 20 in Tris-buffered
saline [TBS]), the membrane was first incubated for 2 hr at room
temperature followed by an overnight incubation at 4�C with the pri-
mary antibody solution. The membrane was then washed 3� 15 min
in 0.1% Tween 20-TBS buffer and incubated for 1 hr with the second-
ary antibody solution. The following antibodies have been used in
this study: rabbit monoclonal anti-LDLR antibody diluted 1/5,000
(ab52818; Abcam), mouse anti-b-actin antibody diluted 1/2,000
(AC-40; Sigma-Aldrich), goat anti-mouse secondary antibody conju-
gated to horseradish peroxidase diluted 1/4,000 (sc-2005; Santa Cruz
Biotechnology), and goat anti-rabbit secondary antibody conjugated
to horseradish peroxidase diluted 1/10,000 (sc-2004; Santa Cruz
Biotechnology). Detection of chemiluminescence was performed us-
ing the Clarity Western ECL substrate (Bio-Rad Laboratories), and

Figure 8. Tumor Growth Inhibition in MDA-MB-231 Tumor-Bearing Mice

All groups received four intravenous injections on days 0, 4, 8, and 14 in the lateral

tail vein of: (1) SQGem NPs (10 mg/kg equivalent Gem), (2) Gem (10 mg/kg), or (3)

dextrose 5% (control [Ctrl]). Tumor volume was regularly measured during the

experimental period. The values represent mean ± SEM (n = 6). After 25 days,

statistical analysis of tumor volume ratios showed superior antitumor efficacy of

SQGem NPs compared with the other treatments (**p < 0.01; ***p < 0.001). Arrows

point to treatment days.
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images were captured by the ChemiBIS system fromDNRBioimaging
Systems.

Visualizationof theCellularUptake and Intracellular Localization

by Confocal Raman Microscopy

Cellular uptake of deuterated squalenoyl nanoparticles (2H-SQGem
NPs) was performed using a confocal Raman microscope (WITec
alpha 300R+;WITec). The excitation source was a 532 nm diode laser
adjusted to a power of 30 mW and a 50 mm confocal pinhole rejecting
signals from out-of-focus regions. A 63� immersion objective with an
N.A. of 1.0 (Epiplan Neofluar; Zeiss) was applied for cellular uptake
studies. A total of 50,000 cells/well (MDA-MB-231 and MCF-7)
were seeded on calcium fluoride well plates 24 hr prior to the incu-
bation with freshly prepared 2H-SQGem NPs, opportunely diluted in
cell culture medium, for 2 hr (final Gem concentration: 77 mM/well)
at 37�C. At the end of the incubation period, cells were washed
with phosphate buffer and fixed with 3% paraformaldehyde solution
(30 min, at room temperature) prior to imaging. All acquired Raman
spectral datasets were preprocessed by removing cosmic rays and by
background signal reduction. Then, false-color Raman images were
generated according to the different scattering patterns (unique
Raman peaks) of the different cellular compartments. Chemometric
post-processing of raw spectra is based on hierarchical cluster and
basis analysis (WITec Project Plus software).

Evaluation of theCellular Uptake by Liquid ScintillationCounting

For cellular uptake studies, MDA-MB-231, MCF-7, and MRC-5 cells
(250,000 cells/well) were seeded in 12-well plates 24 hr prior to the
incubation with 3H-SQGem NPs or free 3H-Gem diluted in culture
medium (final Gem concentration/well: 10 mM, 0.1 mCi/mL) for
30 min, 2 hr, 4 hr, and 6 hr at 37�C or 4�C. At the end of the incuba-
tion period, cells were washed with 1 mL of PBS and then treated with
0.3 mL of 0.25% trypsin for 5 min at 37�C. The action of trypsin was
stopped by adding 1 mL of culture medium, and the cellular suspen-
sion was centrifuged (200� g, 5 min, 4�C), the supernatant discarded,
and the cells dispersed in 1 mL of PBS. 10 mL of each cellular suspen-
sion was mixed with 10 mL of trypan blue (Sigma-Aldrich) for cell
counting. The amount of cell-internalized 3H-SQGem and 3H-Gem
was determined using a b-scintillation counter (Beckman Coulter
LS6500). In brief, cell suspensions were first solubilized with 1 mL
of Soluene-350 (PerkinElmer) at 50�C overnight prior to the addition
of 10 mL of Hionic-Fluor scintillation cocktail (PerkinElmer). Finally,
samples were vigorously vortexed for 1 min and kept aside for 2 hr
prior to the counting.

Modification of the LDLR Activity and Evaluation of Cellular

Uptake by Liquid Scintillation Counting and Flow Cytometry

Another set of experiments was performed to assess the influence of
LDLR activity and/or expression on NP uptake. In this case, MDA-
MB-231 cells (150,000 cells/well) in culture medium supplemented
with FBS (control) or in lipoprotein-deficient serum (LPDS) (for
LDLR modifications) were seeded in 24-well plates for 24 hr. Then,
3H-SQGem NPs or free 3H-Gem (both previously diluted in FBS or
LPDS-supplemented culture medium or pure medium and preincu-

bated for 30 min at 37�C) were added to each well (final Gem concen-
tration: 10 mM, 0.1 mCi/mL). Before the addition of 3H-SQGem NPs
or free 3H-Gem preincubated 30 min in pure medium, cells were
washed twice with PBS (1 mL) to ensure the complete removal of
all serum components. Of note, the time point 30 min only was
chosen in experiments in which pure medium has been used to limit
the cell stress caused by non-physiological culture conditions.

For competition studies, cells cultured in LPDS-supplemented
medium were preliminary incubated (30 min) with an excessive
amount of LDLs (100 mg/mL). After 30min, 2 hr, and 6 hr incubation,
media were removed and cells were washed two times with 1% BSA-
PBS (1 mL) and one time with PBS (1 mL) and then treated with
0.2 mL of 0.25% trypsin for 5 min at 37�C. The action of trypsin
was stopped by adding 0.8 mL of culture medium, the cellular sus-
pension was centrifuged (200 � g, 5 min, 4�C), supernatant was
discarded, and cells were dispersed in 1 mL of PBS. 10 mL of the
cellular suspension was then mixed with 10 mL of trypan blue (Sigma
Aldrich) for cell counting. The amount of internalized 3H-SQGem
and 3H-Gem was determined using a b-scintillation counter as previ-
ously described.

Animals

Four different strains of 4-week-old female mice (three immunodefi-
cient [SCID BALB/c, SCID beige, and athymic nude] and one immu-
nocompetent [C57BL/6]) were purchased from Envigo Laboratory.
Animals were housed in an appropriate animal care facility during
the experimental period. The experimental protocols were approved
by the Animal Care Committee of the Université Paris-Sud in agree-
ment with the principles of laboratory animal care and legislation in
force in France.

Diet Influence

Four mice strains (at least nine mice each) over 4 weeks were fed
either: (1) a chow diet containing a standard amount of cholesterol
(<0.3%), or (2) a diet rich in cholesterol (2%) (TD.01383, Teklad diets;
Envigo). At weeks 0, 2, and 4 after starting the diet intake, blood
(0.2 mL) was collected by facial vein bleeding, and plasma was
separated by centrifugation (1,300 � g, 15�C, 15 min). LDL/VLDL
cholesterol levels in plasma were determined using the Abcam assay
kit (ab65390) based on spectrophotometric cholesterol detection,
according to the manufacturer’s instructions. Mice were monitored
regularly for body weight changes and health status.

In Vivo Anticancer Activity

The anticancer efficacy of SQGem NPs was evaluated on MDA-MB-
231 tumor-bearing athymic nude mice fed a diet with high cholesterol
content (TD.01383, Teklad diets; Envigo). Feeding started 4 weeks
prior to tumor cells injection, and the diet was maintained for the
entire duration of the experiment. 200 mL of MDA-MB-231 cell sus-
pension in PBS (5� 106 cells/mice) were injected subcutaneously into
the upper portion of the right flank of mice. Tumors were allowed to
grow until reaching a volume of�100 mm3 before initiating the treat-
ment. Tumor length (a) and width (b) were measured with calipers,
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and the tumor volume was calculated using the following equation:
tumor volume (V) = (a � b2)/2. Tumor-bearing mice were randomly
divided into three groups of at least six mice each. On days 0, 4, 8, and
14, mice received in the lateral tail vein four intravenous injections of
either: (1) SQGem NPs at Gem equivalent dose of 10 mg/kg, (2) free
Gem at 10 mg/kg, or (3) dextrose 5%. A pre-treatment with 5 mg/kg
of dexamethasone was performed by intramuscular injection 4 hr
before the treatment. Mice were monitored regularly for changes in
tumor size, body weight, and health status. Mice were humanely sacri-
ficed on day 32.

In order to evaluate whether tumor development could induce a
modification in circulating LDL level, blood (200 mL) was collected
from tumor-bearing mice, fed a high cholesterol content diet, by facial
vein bleeding at weeks 0 (beginning of the experiment), 4 (after
4 weeks of feeding a cholesterol-rich diet), and 6 (2 weeks after
tumor cells injection). As control, two groups of mice (not bearing
the tumor) fed either a standard chow diet or a high-cholesterol-con-
tent diet were used. Blood samples were centrifuged (1300 � g, 15�C,
15 min), and LDL cholesterol plasma levels were measured using
enzymatic essay (Laboratoire CERBA).

Statistical Analysis

All in vitro experiments were performed at least two times in dupli-
cate or triplicate. For the in vivo experiments, each group counted
at least six animals. Statistical analysis was performed with the Prism
GraphPad 5.0 software. The significance was calculated using a two-
way analysis of variance, followed by Bonferroni post-test.
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