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We identified that the chemical linkage of the anticancer drug
doxorubicin onto squalene, a natural lipid precursor of the choles-
terol’s biosynthesis, led to the formation of squalenoyl doxorubicin
(SQ-Dox) nanoassemblies of 130-nm mean diameter, with an origi-
nal “loop-train” structure. This unique nanomedicine demonstrates:
(i) high drug payload, (ii) decreased toxicity of the coupled anti-
cancer compound, (iii) improved therapeutic response, (iv) use of
biocompatible transporter material, and (v) ease of preparation,
all criteria that are not combined in the currently available nano-
drugs. Cell culture viability tests and apoptosis assays showed that
SQ-Dox nanoassemblies displayed comparable antiproliferative and
cytotoxic effects than the native doxorubicin because of the high
activity of apoptotic mediators, such as caspase-3 and poly(ADP-
ribose) polymerase. In vivo experiments have shown that the SQ-
Dox nanomedicine dramatically improved the anticancer efficacy,
compared with free doxorubicin. Particularly, the M109 lung tumors
that did not respond to doxorubicin treatment were found inhibited
by 90%when treated with SQ-Dox nanoassemblies. SQ-Dox nano-
assembly-treated MiaPaCa-2 pancreatic tumor xenografts in mice
decreased by 95% compared with the tumors in the saline-treated
mice, whichwas significantly higher than the 29% reduction achieved
by native doxorubicin. Concerning toxicity, SQ-Dox nanoassem-
blies showed a fivefold higher maximum-tolerated dose than the
free drug, and moreover, the cardiotoxicity study has evidenced
that SQ-Dox nanoassemblies did not cause any myocardial lesions,
such as those induced by the free doxorubicin treatment. Taken
together, these findings demonstrate that SQ-Dox nanoassemblies
make tumor cells more sensitive to doxorubicin and reduce the
cardiac toxicity, thus providing a remarkable improvement in the
drug’s therapeutic index.
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The design of nanodevices for the delivery of anticancer drugs
to tumors has gained considerable interest for improving the

treatment of neoplastic diseases (1–5), which offers a fresh in-
teresting therapeutic approach because the discovery of novel
anticancer agents with sufficient anticancer activity and accept-
able tolerance is becoming more and more difficult. Ideally, anti-
cancer nanomedicines should: (i) have high drug payload to avoid
the need to administer excessively high amounts of carrier mate-
rial; (ii) use safe and nontoxic carrier material, preferably of nat-
ural origin; (iii) improve the therapeutic response of the anticancer
agent; (iv) allow a decrease of the undesired toxicity of the anti-
tumor drug; and (v) be easy to prepare, ideally using a surfactant-
free process. More often, the inability of nanomedicines in
meeting the above criteria hinders their translation to clinics, as
illustrated by the limited number of anticancer nanomedicines
that have reached the market to date.
In this context, we have developed the “squalenoylation” tech-

nology, consisting of the chemical linkage of squalene, a natural and
well-tolerated triterpene, with anticancer and antiviral nucleoside

analogs (6). Those bioconjugates were observed to spontaneously
self-assemble, in a surfactant-free aqueous medium, as nano-
particles having mean diameter of approximately 150 nm. Now,
continuing on this trail, we have designed a squalenoyl derivative
of doxorubicin that overtakes the previous results beyond all
expectations in terms of anticancer activity improvement and
toxicity reduction. Doxorubicin is one of the leading anticancer
drugs in clinical oncology with a broad spectrum of activity against
various solid and hematologic neoplastic diseases, and it is com-
monly present in several anticancer therapeutic regimens [funding
sources: American Cancer Society (2011) Doxorubicin (7); Pfizer
Inc. (2011) Doxorubicin Hydrochloride for Injection (8); National
Cancer Institute (2011) Cancer Drug Information: Doxorubicin
Hydrochloride (9)]. The effectiveness of doxorubicin is impeded
by acute and subacute side effects, mainly dose-limiting irrevers-
ible cardiotoxicity and myelosuppression (10). In an attempt to
reduce the side-effects of doxorubicin and to improve its anti-
cancer efficacy, various nanocarriers of doxorubicin and dauno-
rubicin have been developed, including micelles, dendrimers,
solid-lipid, and polymer nanoparticles (11–15). Liposomes are by
far the most studied nanoformulation of doxorubicin, and are the
only products that reached the market (Caelyx, Myocet). In gen-
eral, doxorubicin-loaded liposomes exhibit efficiencies comparable
to those of the conventional anthracycline cytostatic agents but
with less cardiotoxicity (16). The liposome formulation (Caelyx)
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surface-coated with hydrophilic polymer poly(ethylene glycol)
(PEG) resulted in an increased systemic half-life as a result of
reduced capture by the mononuclear phagocyte system (i.e.,
liver and spleen macrophages) (17). In experimental animal
models, these long-circulating PEGylated liposomes were found
to extravasate through the defects of the tumor vasculature by
the so called “enhanced permeability and retention effect,” thus
allowing passive targeting to the neoplastic tissue (18). However,
in clinical practice the administration of PEGylated liposomes
loaded with doxorubicin was associated with palmar-plantar
erythrodysesthesia (“hand-foot” syndrome), which may evolve
into ulceration and epidermal necrosis if the chemotherapy cycle
is not delayed (19). Hand-foot syndrome represents a major
limitation in the Caelyx treatment, because it can adversely affect
the quality of life of the patients, which may be addressed by
dose-reduction strategy (20). In addition, recent studies have
demonstrated that PEGylated liposomes can generate comple-
ment activation through increased alternative pathway turnover
(21), which now provides a plausible explanation to the pre-
viously reported anaphylaxis, or is referred to as cardiovascular
collapse in species that have received medicines containing poly
(ethylene glycol) as a carrier/solubilizer (22). Finally, intravenous
administration of PEGylated liposomes was shown to dramati-
cally alter the pharmacokinetic behavior of the subsequently
injected PEGylated liposomes, which may have important impli-
cations when repeated administrations are needed in many che-
motherapeutic schedules (23, 24). Thus, there is a consensus in
the drug-delivery community that new concepts are needed for
the construction of long-circulating nanocarriers avoiding the use
of PEG. Another concern is the low drug-loading (i.e., milli-
grams of the anticancer anthracycline per milligrams of carrier
material), though the use of tansmembrane pH gradient-loading
methods into liposomes varies from 0.05 μM/1 μM lipid to 0.21
μM/1 μM lipid (25, 26). With polymer nanoparticles, the maxi-
mum payload is generally less than 10% (wt/wt) (27). Because
the effective dose in cancer therapy is dependent not only on
nanoparticle/liposome localization at the tumor site but also on
the maximum payload that each particle can deliver, drug-loading
is certainly another key issue for efficient anticancer treatment.
Additionally, in the cases where the drug encapsulation is per-
formed by noncovalent technique, a risk of premature drug re-
lease may occur (the so-called “burst release”) (28).
In this context, the present study proposes a unique doxoru-

bicin nanomedicine with systemic long-circulating properties,
without the use of PEG. The nanomedicine is based on the
conjugation of doxorubicin to the 1,1′,2-Tris-norsqualenoic acid.
Through careful design and synthesis, we have selected the C-14
ester derivative (squalenoyl doxorubicin, SQ-Dox), which by an
easy solvent-displacement procedure led to the construction of
nanoassemblies. Unexpectedly, we have observed that this con-
jugate was able to self-organize in water into unique “loop-train”
elongated nanostructures with an impressive drug payload (i.e.,
57%) and high stability. This nanomedicine has been shown to
decrease importantly the overall toxicity, including the cardiac
toxicity of doxorubicin and, additionally, considerable anticancer
efficacy has been proven on both murine pulmonary and human
pancreatic experimental cancers.

Results
Synthesis, Morphological Characterization, and Physicochemical
Properties of SQ-Dox Nanoassemblies. The synthetic route to
C-14 ester derivative (SQ-Dox) (Fig. 1A) entails the nucleophilic
displacement-type esterification of 14-bromodaunorubicin hy-
drochloride (prepared by bromination of daunorubicin hydro-
chloride) with the salt of the 1,1′,2-Tris-norsqualenoic acid as
indicated in SI Materials and Methods (Fig. S1). Addition of an
organic phase, containing SQ-Dox dissolved in tetrahydrofuran
(THF), into distilled water led to the spontaneous formation of

nanoassemblies, and subsequent removal of the organic solvent
by evaporation resulted in pure nanosuspension. By modifying
the respective volumes of THF and aqueous phase, the con-
centration of the SQ-Dox, as well as the ionic strength of the
water phase, it was possible to select the optimal suspension
containing nanoassemblies of 130-nm mean diameter with nar-
row particle size distribution (PSD < 0.2, as measured by qua-
sielastic light scattering) and a positive ζ-potential (+35.5 mV).
The size, size distribution, and ζ-potential of the nanoassemblies
were reproducible, with three independent preparations giving
nearly identical results for each sample. The drug loading of
SQ-Dox nanoassemblies (NAs) was calculated (ratio between
molecular weights in percent) to be 57%. When characterized by
transmission electron microscopy (TEM) or cryogenic-transmission
electron microscopy (cryo-TEM), SQ-Dox nanoassemblies dis-
played a mixture of “loop-train,” “rod,” and “head-tail” original
structures, as shown in Fig. 1B (cryo-TEM) and Fig. 1C (TEM).
The nanosuspension showed excellent physical and chemical sta-
bility during storage for 6 months (at 4 °C in the dark) (Fig. S2),
whereas sensitivity to increased ionic strength and to the type of
counter ions was observed (Tables S1–S5). For this reason, SQ-
Dox NAs were used as a suspension in water when no other
precision was given.
Incubation of SQ-Dox NAs in PBS containing 10% (vol/vol)

FCS has evidenced a slow release of doxorubicin (Fig. 1D). After
24 h of incubation, ∼9% of the total drug content was found

Fig. 1. Nanoassemblies of the squalenoyl prodrug of doxorubicin (SQ-Dox
NAs). (A) Chemical structure of SQ-Dox. (B) Cryo-TEM appearance of the SQ-
Dox NAs. (Scale bar, 100 nm.) (C) TEM appearance of the SQ-Dox NAs. (Scale
bar, 500 nm.) (D) Time course of doxorubicin release at 37 °C in PBS (pH 7.4)
solution containing 10% FCS (n = 3, **P < 0.01). (E) Time course of doxo-
rubicin release at 37 °C in borate (BSB, pH 8.0) solution containing 25 U/mL
esterases (n = 3, **P < 0.01). Released doxorubicin was separated from the
SQ-Dox NAs by centrifugation and quantified using HPLC (for experimental
details, see SI Materials and Methods).
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liberated from SQ-Dox NAs in the presence of serum, whereas
only 0.6% was released in the absence of serum. To further in-
vestigate if the doxorubicin release from SQ-Dox NAs resulted
from the enzymatic hydrolysis of the prodrug (likely at the level
of the ester linkage), an additional release experiment was per-
formed in an esterase containing buffer solution, according to the
standard protocol provided by the manufacturer, as described in SI
Materials and Methods (Fig. 1E and Fig. S3). After 2 h of in-
cubation, ∼4% of the total drug content was released from SQ-
Dox NAs in the presence of esterases, compared with only 0.1%
in the absence of esterases.

In Vitro Cell Uptake and Antitumor Activity. To investigate the
mechanism of drug uptake into cells, free doxorubicin or SQ-
Dox NAs were incubated with a human pancreatic carcinoma
cell line (MiaPaCa-2) and the cell internalization was monitored
by fluorescence microscopy (10 μM) and flow cytometry (1 μM).
The cell penetration of SQ-Dox NAs was faster and the in-
tracellular drug concentration remained greater than native
doxorubicin (Fig. 2E). As clearly shown in Fig. 2A, SQ-Dox NAs
(red) rapidly localized into the cell cytoplasm (phalloïdine-FITC,
green staining) and nucleus (DAPI, blue staining) as early as
5 min postincubation. After 4 h, the cell uptake of SQ-Dox NAs
was three-times more important than that of free doxorubicin,
with major localization in the cytoplasm (Fig. 2 B and E). After
24 h, both SQ-Dox NAs and free doxorubicin were observed to
produce an intense staining only into the nucleus (Fig. 2 C and
E). When the cells were incubated with SQ-Dox NAs (1 μM) for
4 h at 4 °C (instead of 37 °C), the cell fluorescence intensity
dramatically decreased (Fig. 2F), suggesting endocytosis as the
major pathway of cell internalization of SQ-Dox NAs.
We further examined the antitumor efficacy of SQ-Dox NAs

on the growth of MiaPaCa-2 cell line as per the methodology
described in the SI Materials and Methods. Incubation (72 h) with
SQ-Dox NAs has reduced the cell proliferation in a concentra-
tion-dependent manner (Fig. S4A). Although free doxorubicin
displayed a slightly better antiproliferative effect than SQ-Dox
NAs (IC50 was 90 and 180 nM, respectively), a much more ef-
ficient suppression of the malignant tumor cell invasion was
observed with SQ-Dox NAs, assessed using the migration assay
(Fig. S4 B and C). Total suppression of MiaPaCa-2 cell invasion
was, indeed, only observed after SQ-Dox NA treatment at IC50
concentration. To further confirm the doxorubicin-induced ap-
optosis, MiaPaCa-2 cells were treated with SQ-Dox NAs at IC50
and IC10 concentrations (180 nM and 70 nM, respectively) and
compared with free doxorubicin (90 nM and 10 nM, respec-
tively). After 72 h of incubation, Annexin-V and propidium io-
dide staining of the cells revealed a higher induction of apoptosis
in SQ-Dox NA-treated cells compared with the doxorubicin-
treated cells (Fig. 3B). Indeed, treatment of the cells with SQ-
Dox NAs at IC50 concentration for 72 h resulted in 50% of
cells in the apoptosis phase (P < 0.01); more precisely, ∼40% of
cells were in the early apoptosis phase and ∼4% cells in the late
apoptosis phase, whereas treatment with free doxorubicin resulted
in only 10% of cells in the apoptosis phase (either early or late
apoptosis phase). The difference was still more pronounced at
IC10 concentrations, where the SQ-Dox NA treatment led to
80% of cells in the early apoptosis phase compared with only
7% of the cells in this phase with native doxorubicin treatment.
To further confirm these effects, we analyzed poly(ADP-ribose)
polymerase (PARP) and caspase-3 activation, a hallmark of the
apoptosis induction (29). SQ-Dox NA treatment induced an in-
creased caspase-3 activity (Fig. 3A) and cleavage of PARP (Fig.
3C), compared to the untreated controls, suggesting that the
antiproliferative and cytotoxic effects of SQ-Dox NAs could be
attributed, at least in part, to the activity of these apoptosis medi-
ators. However, caspase-3 activity (P < 0.01) and PARP cleavage
were still more important with free doxorubicin, which may be

explained by the slow- and long-lasting release of the parent drug
from SQ-Dox NAs, as already shown in Fig. 1D.

Overall Toxicity. The systemic toxicity of SQ-Dox NAs has been first
investigated, compared to free doxorubicin or to its liposomal for-
mulations (Myocet and Caelyx), by determining the maximum
tolerated dose (MTD) after single or repeated intravenous injection

Fig. 2. Cell internalization of free doxorubicin and SQ-Dox NAs. (A–C)
Fluorescence microscopy images of MiaPaCa-2 cells show the cellular uptake
of free doxorubicin or SQ-Dox NAs (concentration of 10 μM) at 5 min (A), 4 h
(B), and 24 h (C). (D) Nontreated cells. The nuclei were stained with DAPI,
FITC-conjugated phalloïdine was used to label F-actin, and (last column)
overlay of all types of staining. All cells (A–D) were imaged using a fluores-
cence microscope (Leica) with a 40× oil-immersion objective. (E) Time course
of doxorubicin (red) accumulation into the cells exposed to 1 μM free doxo-
rubicin or SQ-Dox NAs as measured using flow cytometry (n = 3, **P < 0.01). (F)
Doxorubicin fluorescence in the cells after 4 h of exposure to 1 μM free drug or
SQ-Dox NAs at 4 °C and 37 °C (n = 3, **P < 0.01). RITC-Dextran was used as
a positive control of endocytosis. Results are reported as means ± SD.
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to the female nude or CD2F1 mice. The MTD was estimated based
on the threshold at which all of the animals survived with a body-
weight loss of less than 10%. Whatever the dosing protocol, the
MTD of SQ-Dox NAs was found to be up to fivefold higher
than that of free doxorubicin or Myocet, and up to threefold
higher than that of Caelyx after intravenous administration
(Table S6). Concerning the local toxicity, it has been observed
that the free doxorubicin at a dose of 6 mg/kg induced dramatic
necrosis at the site of injection, but such necrosis has not been
observed with SQ-Dox NAs at dose as high as 20 mg/kg, equiv-
alent doxorubicin.

Cardiac Toxicity. Cardiac toxicity, the main toxicological target
of doxorubicin, was investigated in the standard experimental
model of hypertensive rats (10) injected weekly, either with
1 mg·kg·wk of free doxorubicin or with SQ-Dox NAs at a dose of
1 or 2 mg·kg·wk (equivalent doxorubicin). Under these experi-
mental conditions, the toxicity of free doxorubicin translated into
mortality of four of eight rats; the death occurred between day 63
and day 76 (Fig. S5A). In this group, clinical signs noted before
death were lessened handling reactivity compared with the sa-
line-treated rats, and the appearance of necrosis at the site of
injection (in four rats). Regarding the body weight and food
consumption, the signs of toxicity appeared in the doxorubicin-
treated animals starting from the fifth week, at which time the
animals started to lose weight, accompanied by a statistically
significant decrease in food consumption (Fig. S5 B and C).
From the ninth dosing (i.e., day 61), the tendency of a decrease
in water consumption appeared. In the four surviving rats killed
at day 78, the discoloration of the kidneys has been observed.
Although the weight of the hearts of the doxorubicin-treated rats
was similar to that of the controls or of the SQ-Dox NA-treated
rats (Fig. S5D), the histological analysis of the cardiac tissues
revealed drastic myocardial lesions with important cell vacuoli-
zation (Fig. 4C). In rats injected with SQ-Dox NAs at 1 and
2 mg·kg·wk equivalent doxorubicin (Fig. 4 B and D), neither
mortality nor any clinical signs of toxicity were noted throughout
the whole study. Histological examinations did not show any
myocardial lesions in the group of rats treated with SQ-Dox NAs
at 1 mg·kg·wk (equivalent doxorubicin) (Fig. 4B). Only a slight
incidence of minimal myocardiopathology has been observed
after treatment with SQ-Dox NAs at 2 mg·kg·wk (Fig. 4D).
Concerning the serum troponin-T levels, a marker of cardiac

myocyte injury (30), a dramatic increase was measured from day

42 in animals dosed with free doxorubicin at 1 mg/kg (Fig. 4E).
In this group of animals, troponin-T concentration reached
a plateau from day 70. In animals dosed with SQ-Dox NAs at
1 and 2 mg·kg·wk (equivalent doxorubicin), the troponin-T levels
remained similar to those of the control groups. As a whole,
these data evidenced that even at a dose double than that of the
parent drug, the cardiotoxicity of SQ-Dox NAs was dramatically
low comparatively to free doxorubicin.

Antitumor Activity in Subcutaneous Tumor Xenograft Models. The
anticancer activity of SQ-Dox NAs was tested using xenograft
models of human pancreatic and murine lung cancers developed
by the injection of MiaPaCa-2 cells or M109 cells in the flank of
athymic nude or CD2F1 mice, respectively. After tumors had
grown to 80–100 mm3, the animals were divided into four groups
in such a manner as to minimize the weight and the tumor-size
differences among the groups. Based on the MTD previously
determined (i.e., 15 mg/kg per injection, equivalent doxorubicin
for SQ-Dox NAs and 3 mg/kg per injection for free doxorubicin),
the following treatments and doses were administered by in-
travenous injections in the lateral tail vein on days 0, 4, 8, 12, and
16: (i) saline, (ii) squalenic acid nanoassemblies (SQCOOH NAs,
100 mg/kg), (iii) free drug (3 mg/kg), and (iv) SQ-Dox NAs
(15 mg/kg, equivalent doxorubicin). As indicated in Fig. 5, the
growth of MiaPaCa-2 (Fig. 5A) and M109 (Fig. 5C) tumors were
not affected by the treatment with squalenic acid nanoassemblies,
compared with the saline-treated tumors. The treatment with free
doxorubicin reduced the volume of MiaPaCa-2 tumors by only
29% (P < 0.01), but had no effect on the growth of M109 tumors.
At the same time, mice treated with SQ-Dox NAs showed a more
drastic tumor growth inhibition of 95% for MiaPaCa-2 and of
90% for M109 (P < 0.01) tumors. The absolute weight-loss dif-
ferences in the native doxorubicin and SQ-Dox NA-treated groups
were modest at the doses studied in mice bearing subcutaneous
MiaPaCa-2 xenografts (Fig. 5B). In contrast, a drastic weight loss
was observed in the free doxorubicin-treated mice bearing sub-
cutaneously engrafted M109 tumors (20%) (Fig. 5D), whereas no
weight decrease was observed after SQ-Dox NA treatment.
In an additional experiment, the anticancer activity of SQ-Dox

NAs was compared with long-circulating liposomal formulations
of doxorubicin (Myocet and Caelyx) using the same xenograft
model of human pancreatic cancer. As indicated in Fig. 5E, the
treatment with Myocet or Caelyx (at MTD) reduced the volume
of MiaPaCa-2 tumors by 50% and 58% (P < 0.01), respectively,

Fig. 3. In vitro antitumor activity of SQ-Dox NAs. (A) Caspase-3 activity. Data are expressed in arbitrary units per microgram of protein, and the results are the
representative of two independent experiments performed in triplicate (**P < 0.01). (B) Evaluation of apoptosis induced by doxorubicin and SQ-Dox NAs.
MiaPaCa-2 cancer cells were incubated with SQ-Dox NAs or free doxorubicin at IC50 and IC10 concentrations (IC50 was 90 and 180 nM, and IC10 was 10 and
70 nM for doxorubicin and SQ-Dox NAs, respectively). The percentages of apoptotic cells were significantly different between SQ-Dox NAs and the free-
doxorubicin treatments. (C) Western blot analysis performed using antibodies specific to PARP. β-Actin was used as a loading control.
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compared with the saline-treated tumors (day 18). It should be
noted that a significant weight loss was observed in Caelyx-
treated mice (10–15%) at day 18, which was the expression of
drug’s toxicity (Fig. 5F). At the same time, mice treated with SQ-
Dox NAs showed a more drastic tumor-growth inhibition of 86%
at day 18 (P < 0.01) (Fig. 5E) without any weight loss (Fig. 5F),
thus demonstrating the superiority of SQ-Dox NAs.
In a nutshell, the squalenoylation of doxorubicin allowed de-

livering larger doses of drug without observable toxicity, thus
improving the efficacy and drug’s therapeutic index.

Immunohistochemical Evaluation of Antitumor Activity of SQ-Dox
NAs in Tumor Xenografts. Immunohistochemical analysis of the
biopsies obtained from the SQ-Dox NA-treated tumor tissues in
mice bearing subcutaneously engrafted M109 xenografts (Fig. 6A)

demonstrated enlarged cells with significant necrotic changes.
Drastic suppression and replacement of the tumor cells by normal
tissue has been also observed (Fig. 6A and Fig. S6A). Apoptosis
analysis revealed that the TUNEL+ cells were more prominent in
M109 tumor biopsies obtained from mice treated with SQ-Dox
NAs (Fig. 6 A and C). Immunostaining of the active form of
caspase-3 protease (29) revealed a more marked caspase-3
activity in SQ-Dox NA-treated mice, compared with the free

Fig. 4. Evaluation of the cardiotoxicity induced by doxorubicin. (A–D) HES-
stained sections of cardiac tissue (left ventricular inner myocardium) of SH
male rats. All tissue images (A–D) were analyzed by microscopy at 100×
magnification (Leica). (A) Saline-treated rat showing myocardium without
any lesions (no ventricle focal inflammatory cell). (B) SQ-Dox NA-treated rat
(dose: 1 mg·kg·wk equivalent doxorubicin, during 11 wk) showing myocar-
dium without any lesions. (C) Doxorubicin-treated rat (dose: 1 mg·kg·wk,
during 11 wk) showing infiltration with ventricle hypercellularity. (D) SQ-Dox
NA-treated rat (dose: 2 mg·kg·wk equivalent doxorubicin, during 11 wk)
showing myocardium without any lesion, only a slight incidence of minimal
myocardiopathology was observed. (E) Time course of serum concentrations
of cardiac troponin-T (TnT) in hypertensive rats injected weekly during 11 wk
with either 1 mg·kg·wk of doxorubicin or with 1 or 2 mg·kg·wk (equivalent
doxorubicin) of SQ-Dox NAs (**P < 0.01 vs. doxorubicin and P > 0.1 vs. saline
treated rat; n = 8).

Fig. 5. Anti-tumor activity of SQ-Dox NAs. (A–D) Tumor growth inhibition
by SQ-Dox NAs and the body-weight changes of mice bearing MiaPaCa-2 (A
and B) or M109 (C and D) tumors. Tumor volume (A and C) and body weight
(B and D) were regularly measured during the experimental period (n = 10,
**P < 0.01). The mice were injected with doxorubicin (5 × 3 mg/kg, MTD),
SQ-Dox NAs (5 × 15 mg/kg equivalent doxorubicin, MTD), saline 0.9%, or
SQCOOH NAs (100 mg/kg). All groups (n = 10) of mice received these
treatments on days 0, 4, 8, 12, and 16 by intravenous injection in the lateral
tail vein (10 μL/g of the body weight). Results are reported as means ± SD. (E
and F) Comparison of the antitumor activity and toxicity of SQ-Dox NAs with
liposomal formulations of doxorubicin (Myocet and Caelyx) administered in
nude mice bearing subcutaneous engrafted MiaPaCa-2 tumors. The mice
were injected with doxorubicin (5 × 3 mg/kg, MTD), SQ-Dox NAs (5 × 15 mg/kg
equivalent doxorubicin, MTD), liposomal formulation of doxorubicin (Myocet,
5 × 3 mg/kg equivalent doxorubicin, MTD), PEGylated liposomal formulation
of doxorubicin (Caelyx, 5 × 5 mg/kg equivalent doxorubicin, MTD), and saline
0.9%. All groups (n = 6) of mice received these treatments on days 0, 4, 8, 11,
and 15 by intravenous injection in the lateral tail vein (10 μL/g of the body
weight). Tumor volume (E) and body weight (F) were regularly measured
during the experimental period (n = 6, *P < 0.05, **P < 0.01). Results are
reported as means ± SD.
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doxorubicin-treated mice (Fig. 6 A and D). Additionally, SQ-Dox
NAs caused a considerable decrease of the M109 tumor pro-
liferative activity, comparatively to the parent drug, as indicated
by the reduced number of Ki-67

+ tumor cells (Fig. 6 A and E).
Similar observations concerning the apoptotic activity of SQ-Dox
NAs were made with MiaPaCa-2 tumor model (Fig. 6 B–E).

Tissue Distribution and Pharmacokinetics Studies. To explain the
higher anticancer activity and lower toxicity of SQ-Dox NAs vs. free
doxorubicin, we performed pharmacokinetics and biodistribution
studies in nude mice. Bioavailability, calculated from the area under
the blood concentration vs. time curve from 0 to 24 h (AUC0–24),
was compared for SQ-Dox NAs and the free drug. After adminis-
tration of SQ-Dox NAs, the AUC0–24 of doxorubicin in blood was
4.4-times higher than after injection of free doxorubicin (mean =
184 vs. 42 μg·h·mL, difference = 142 μg·h·mL) (Fig. 7A). In parallel,
the urinary excretion of doxorubicin was found dramatically reduced
in SQ-Dox NA-treated mice (Fig. 7C), demonstrating that the SQ-
Dox NAs significantly increased the body longevity of doxorubicin.
Concerning the tissue distribution, at 24 h postinjection, SQ-Dox

NAs led to a 2.5-fold increase of the concentration of doxorubicin
in MiaPaCa-2 tumor, compared to the free doxorubicin treatment
(Fig. 7D), whereas the concentration of doxorubicin at several
nontumor sites in the body, including the lungs, kidneys (Table S7),
and heart (Fig. 7B) was found diminished. Concerning the cardiac
tissue, the toxicity of which represents the dose-limiting side effect
of doxorubicin (31), the SQ-Dox nanomedicine was found to

notably decrease the peak concentration of the native drug,
compared to free doxorubicin (by 15- and 4-fold, respectively, at 2
h and 24 h posttreatment, P < 0.01) (Fig. 7B).

Discussion
Doxorubicin is a highly potent antitumor agent that is among one
of the most active antineoplastic drugs developed to date (see
funding sources, refs. 7–9). However, its clinical application is
limited by cardiac hypertrophy, a dose-limiting side effect arising
from the formation of free-radicals and lipid peroxidation (32).
The design of doxorubicin-loaded nanocarriers (i.e., liposomes
or nanoparticles) has gained increasing interest as a mean of
improving the treatment of neoplastic diseases and reducing the
drug-mediated cardiotoxicity (16, 33–35). However, the need to
surface-functionalize these nanodevices with PEG raises toxico-
logical issues because of the previously mentioned biodegradability
and safety concerns of PEG (23, 36). In this context, we have
identified that the linkage of doxorubicin to the natural lipid
squalene allowed, through a simple manufacturing procedure,
the construction of nanoassemblies of 130 nm with impressively
high drug loading (i.e., 57%), slow drug release, and display of
an original loop-tail elongated structure never observed before.
The reason for this surprising self-assembled nanoconstruction
deserves further physico-chemical and morphological inves-
tigations, but it is likely that, as discussed below, the elongated
morphology would be responsible for the observed long-circulating
properties of SQ-Dox.

Fig. 6. Immunohistochemical staining of the tumor tissues derived from injected M109 (A) murine lung and MiaPaCa-2 (B) human pancreatic cancer cells. The
tumors were treated by (i) SQ-Dox NAs (5 × 15 mg/kg, equivalent doxorubicin, MTD), (ii) doxorubicin (Dox, 5 × 3 mg/kg, MTD), (iii) saline (0.9%), or (iv)
SQCOOH NAs (5 × 100 mg/kg), and excised at day 16. Paraffin sections from tumor biopsies were submitted to HES (Left), TUNEL (Center Left), caspase-3
(Center Right), and Ki-67 (Right) staining. HES/M109/SQ-Dox NAs: inflammatory tissue without carcinomatous cells (Upper field), necrotic tumor with a few
dystrophic carcinomatous nuclei (Lower field); HES/M109/doxorubicin or SQCOOH NAs, or saline: viable carcinomatous cells. HES/MiaPaCa-2/SQ-Dox NAs: well
preserved carcinomatous cells (Left), major fibrosis with degenerative tumor cells (Right); HES/MiaPaCa-2/doxorubicin or SQCOOH NAs, or saline 0.9%: viable
carcinomatous cells, absence of fibrosis. (C) Quantification of the TUNEL assay showed significantly increased apoptosis (n = 5, *P < 0.05, **P < 0.01) in the
tumors from SQ-Dox NA-treated mice (vs. doxorubicin, SQCOOH nanoassemblies, or saline-treated mice). (D) The counts of activated caspase-3 labeled cells
showed significantly increased labeling in the tumors from SQ-Dox NA-injected animals (vs. doxorubicin, SQCOOH NA- or saline-treated mice) (n = 5, **P <
0.01). (E) A lower number of proliferating cells was observed in counts of Ki-67

+ cells in the tumor tissue sections of mice receiving SQ-Dox NA therapy (vs.
doxorubicin, SQCOOH NAs or saline-treated mice) (n = 5, **P < 0.01). Results are reported as the mean ± SD.
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On the other hand, the SQ-Dox NAs demonstrated high sta-
bility in the media studied, with less than 1% of the conjugate
being hydrolyzed after 24 h. The release of doxorubicin from the
bioconjugate following incubation in serum or in esterase-
containing buffer was attributed to the enzymatic hydrolysis of
the SQ-Dox prodrug.
The antitumor efficacy of this unique doxorubicin nanoformu-

lation has been investigated on human pancreatic (MiaPaCa-2)
and murine lung (M109) carcinomas as models of more common
and aggressive diseases. These experimental models were chosen
because they are very difficult to cure and are resistant to native
doxorubicin. For example, it was reported that a potent de-
rivative of doxorubicin (2-pyrrolino-doxorubicin, AN201) and its
cytotoxic somatostatin analog (AN-238) targeted to somatostatin
receptor subtypes 5 and 3 were not active on MiaPaCa-2 after
multiple administration (37). Interestingly, we found that the
uptake into MiaPaCa-2 cells of these SQ-Dox NAs occurred very
rapidly (as early as 5-min postincubation) and was increased
comparatively to free doxorubicin. The internalization into cells
was thought to occur via endocytosis with early endosomal lo-
calization, rapidly followed by a more homogeneous diffusion of
doxorubicin’s fluorescence into the cell cytoplasm, probably be-
cause of the intracellular release of the drug from SQ-Dox NAs.
Further diffusion of the drug into the nucleus allows an efficient
induction of cell apoptosis (better than the parent drug, both at
IC10 and IC50 concentrations).

In vivo toxicity studies have shown that the MTD of SQ-Dox
NAs was up to fivefold higher than the free doxorubicin after
intravenous administration. A specific cardiotoxicity investiga-
tion performed on hypertensive rats has shown that the SQ-Dox
NAs did not cause any myocardial lesions, such as those ob-
served after the free-doxorubicin treatment. This finding may be
explained by the lower cardiac concentration of the drug after
SQ-Dox NA administration, as evidenced in the biodistribution
study. Concerning the pharmacological activity, SQ-Dox NAs
have shown a higher antitumor efficacy on both MiaPaCa-2 and
M109 tumor xenografts, compared to free doxorubicin. Re-
markably, the tumor growth inhibition was 90% by SQ-Dox NAs
against only 3% by the free doxorubicin on M109 tumors, strongly
demonstrating the ability of this squalenoyl nanomedicine to cure
the doxorubicin-resistant cancer. It should be noted that SQ-Dox
NAs also displayed a lower toxicity and a better anticancer activity
than Caelyx and Myocet, the two doxorubicin liposomal for-
mulations currently on the market. Because resistance to apo-
ptosis is one of the hallmarks of cancer, we further evaluated the
mechanism of cell death in tumor biopsy samples. The tumors
from the mice treated with SQ-Dox NAs presented an increased
number of apoptotic cells (vs. the tumors from the mice treated
with free doxorubicin) as determined by TUNEL analysis and an
augmented staining of caspase-3. Moreover, the data from the
Ki-67 test of tumor sections from the mice receiving SQ-Dox NA
therapy (vs. doxorubicin- or saline-treated mice) clearly revealed
the efficacy of SQ-Dox NAs in eliminating the proliferating tumor
cells from the tumor tissue.
Such increased anticancer activity of SQ-Dox NAs may be

explained by the pharmacokinetic and biodistribution data. In-
deed, the squalenoyl doxorubicin nanomedicine: (i) significantly
increased the accumulation of the drug into the tumor, com-
pared to the free doxorubicin (i.e., by 2.5-fold at 24 h after ad-
ministration); (ii) induced blood longevity of the drug; and (iii)
decreased the urinary excretion of the drug. The prolonged cir-
culation time of SQ-Dox NAs in the bloodstream and their ability
to evade clearance mechanisms may be explained by the more
elongated morphology of SQ-Dox NAs, compared to the other
colloids usually displaying a more spherical shape. Indeed, worm-
like micelles (filomicelles) formulated from an amphiphilic diblock
copolymer, poly(ethylene oxide)-b-poly(e-caprolactone), have
shown unprecedented prolonged circulation times in rodents,
considerably longer than for spherical particles of the same
copolymer (38, 39). Long flexible filomicelles were extended by
the flow along streamlines, which tended to oppose interactions
with phagocytes (and capillary walls). In contrast, these filomi-
celles were able to enter cells under static conditions.
We demonstrated here that even if a drug has no relevant

indication for a given experimental cancer (which is the case of
doxorubicin for the experimental human pancreatic cancer
MiaPaCa-2), the drug can be made efficient using the nano-
technology strategy described in this article. This approach is
expected to open interesting therapeutic prospects in oncology.
Of note, the approach described herein was also found to be
applicable to paclitaxel, another anticancer compound with hy-
drophobic properties. When conjugated to squalene (Fig. S7), this
compound self-assembled as nanoparticles, displaying in vivo
a comparable anticancer activity than paclitaxel-Cremophor EL
but with a dramatically lower systemic toxicity (more than three
times) (Figs. S8 and S9), whereas in vitro cytotoxicity was dra-
matically reduced (Table S8).
The data shown in this article strongly suggest the candidature

of the squalenoylated doxorubicin nanomedicine described herein
for clinical assessment in human cancers, for which the current
treatment using doxorubicin is limited by its toxicity. Interesting
prospects may also be considered for the treatment of pan-
creatic cancers.

Fig. 7. Plasma pharmacokinetics and tissue biodistribution. (A) Plasma
doxorubicin concentrations resulting from a single injection of SQ-Dox NAs
(8 mg/kg equivalent doxorubicin) or free doxorubicin (8 mg/kg, MTD), as
a function of time postinjection. The values are the mean ± SD (n = 3–4). (B)
Cardiac concentration of doxorubicin, 2 h and 24 h after a single injection of
either SQ-DOX NAs (8 mg/kg, equivalent doxorubicin) or free doxorubicin (8
mg/kg) (n = 3–4, **P < 0.01). (C) Urine doxorubicin concentrations, 24 h after
administration of a single injection of SQ-Dox NAs (8 mg/kg equivalent
doxorubicin) or free doxorubicin (8 mg/kg, MTD) (**P < 0.01). Urine was
collected in metabolic cages (five mice per cage) and doxorubicin concen-
trations were measured as described in Materials and Methods. (D) Tumor
concentrations of doxorubicin, 2 h and 24 h after a single injection of either
SQ-DOX NAs (8 mg/kg, equivalent doxorubicin) or free doxorubicin (8 mg/kg)
(n = 3–4, **P < 0.01). The values are the mean ± SD.
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Materials and Methods
Cell Culture. Murine lung carcinoma cell line M109 and human pancreatic
cancer cell line MiaPaCa-2 were obtained from the American Type Culture
Collection and maintained as recommended. Briefly, M109 cells were
maintained in RPMI medium 1640. MiaPaCa-2 cells were grown in DMEM-
glutamine medium. Media were supplemented with 10% heat-inactivated
FCS, penicillin (100 U/mL), and streptomycin (100 μg/mL). The cells were
maintained in a humid atmosphere at 37 °C with 5% CO2.

Synthesis, Preparation, and Characterization of SQ-Dox NAs. Doxorubicin-14-
squalenate (SQ-Dox) was synthesized by esterification of 14-bromodaunor-
ubicin HCl (prepared by bromination of daunorubicin HCl) with 1,1′,2-Tris-
norsqualenoic acid in the presence of potassium carbonate, as detailed in
SI Materials and Methods. SQ-Dox NAs were prepared using the nano-
precipitation method after optimization as indicated in SI Materials and
Methods and the best formulation was used for further in vitro and in vivo
studies. Briefly, 500 μL of the tetrahydrofuran solution of SQ-Dox (4 mg/mL)
was added drop-wise under stirring (500 rpm) into 1 mL distilled water.
Precipitation of the SQ-Dox NAs occurred spontaneously. THF was com-
pletely evaporated using a Rotavapor at 20 °C under vacuum to obtain an
aqueous suspension of pure SQ-Dox NAs (final concentration 2 mg/mL).
Nanoassemblies made of squalenic acid alone were prepared in a similar
manner. The final concentration of the aqueous suspension of squalenic acid
was 2 mg/mL. The morphology of the SQ-Dox NAs was examined using a
TEM and cryo-TEM (for experimental details, see SI Materials and Methods).
The release of doxorubicin from the SQ-Dox NAs was investigated after in-
cubation in PBS with or without serum and in borate buffer in the presence
and in the absence of esterases. For details, see SI Materials and Methods.

Study of Doxorubicin Cell Internalization. MiaPaCa-2 cells were cultured on
a coverslip in a culture dish for 24 h to achieve ∼40% confluence. Cells were
then incubated with free doxorubicin or SQ-Dox NAs at the concentration of
10 μM (37 °C) for different time periods. After treatment, the cells were
washed with Dulbecco’s PBS, fixed in 3% paraformaldehyde (PFA), stained
with phalloïdine-FITC (200 μM) and DAPI (40 μM) (Invitrogen), washed with
Dulbecco’s PBS five times, and imaged using a fluorescence microscope
(Leica) with a 40× oil-immersion objective. The following wavelengths were
used: excitation at 488 nm and detection through a 515-nm filter for FITC, and
excitation at 488 nm and detection through a 560-nm filter for doxorubicin.

To quantitatively measure the cell internalization of SQ-Dox NAs, Mia-
PaCa-2 cells were cultured on six-well plates for 24 h to achieve 60–80%
confluence. SQ-Dox NAs or the free doxorubicin were then added at the
concentration of 1 μM to each well. After incubation, the cells were collected
at different time intervals for measurement of doxorubicin fluorescence. To
investigate the mechanism of cell internalization, the cells were incubated
for 4 h at 4 °C or 37 °C. Rhodamine B-isothiocyanate-conjugated dextran
(RITC-Dextran) was used as a positive control of endocytosis. The fluores-
cence from individual cells was examined using a flow cytometer C6 (Accuri
Cytometers). For the fluorescence detection of doxorubicin or RITC-Dextran,
the following parameters were used: λex = 488 nm and λem = 560–606 nm.
Ten-thousand cells were measured in each sample.

Cell Growth and Apoptosis Assays.MiaPaCa-2 tumor cells were incubated with
various concentrations of either SQ-Dox NAs or free doxorubicin for 72 h.
After the treatment period, cell viability was measured using a methyl-
thiazoletetrazolium (MTT) method as described in SI Materials and Methods.
To determine the induction of apoptosis, the Dead Cell Apoptosis Kit (Invi-
trogen) was used according to the standard protocol provided by the manu-
facturer, as described in SI Materials and Methods.

Western Blot Analysis. MiaPaCa-2 cells were seeded in 75 cm2
flasks in DMEM

containing 10% FCS and cultivated for 24 h before addition of the drug.
After incubation for an additional 72 h in the presence of free doxorubicin
or SQ-Dox NAs, protein extracts from cells were prepared as described pre-
viouisly (40). Equal quantities of protein (50 μg) were resolved on 4–12%
NuPage Bis·Tris gradient gels (Invitrogen). Proteins were thereafter trans-
ferred to a polyvinylidene difluoride membrane (Millipore). Proteins of
interest were identified by reaction with specific primary and secondary
antibodies linked to horseradish peroxidase. Briefly, membranes were
blocked with 3% BSA in Tris-buffered saline Tween-20 and incubated with
rabbit monoclonal antibody to PARP (1/250; Santa-Cruz, Tebu-Bio) overnight
at 4 °C. The rabbit monoclonal antibody to β-actin (1/2,000; Santa-Cruz) was
used as an internal control for equal gel loading. Immunodetection was
performed using horseradish peroxidase-conjugated secondary antibody

(Jackson ImmunoResearch) and BM Chemiluminescence Blotting Substrate
(PerkinElmer).

In Vivo Study Designs. Animals. Female CD2F1 and Athymic nude mice were
purchased from the Harlan Laboratory. Male spontaneous hypertensive (SH)
rats were purchased from Charles River Laboratory. All animals were housed
in appropriate animal care facilities during the experimental period, and
were handled according to the principles of the laboratory animal care and
legislation in force in France. All in vivo studies were performed in accordance
with a protocol approved by the Ethical Committee of the Institut Gustave
Roussy, France (CEEA IRCIV/IGR 26, registered with the French Ministry
of Research).
Determination of the MTD. Six- to 8-wk-old female athymic nude mice and
CD2F1 mice were used to evaluate the MTD of a single dose of free doxo-
rubicin or SQ-Dox NAs. Four groups of nude or CD2F1micewere given a single
intravenous injection of free doxorubicin at a dose of 6, 8, 10, or 15mg/kg and
five groups of nude or CD2F1 mice received SQ-Dox NAs at a dose of 8, 10, 15,
17.5, or 20 mg/kg equivalent doxorubicin. The control groups received saline
or 100 mg/kg of SQCOOH NAs. MTD was also determined after repeated
administration. All groups (n = 4) received five intravenous injections on days
0, 4, 8, 12, and 16 in the lateral tail vein (10 μL/g of body weight). Four
groups of nude or CD2F1 mice received free doxorubicin at a dose of 3, 4, 6,
or 8 mg/kg and five groups of nude or CD2F1 mice received SQ-Dox NAs at
a dose of 8, 10, 15, 17.5, or 20 mg/kg equivalent doxorubicin. The systemic
toxicity of liposomal formulations of doxorubicin (Myocet and Caelyx) was
also investigated by determining the MTD after single or repeated intra-
venous injection into female nude mice. Four groups (n = 4) of nude mice
were given a single intravenous injection of either Myocet or Caelyx at
a dose of 6, 8, 10, or 15 mg/kg and five groups (n = 4) of nude mice received
repeated intravenous injection of Myocet or Caelyx at a dose of 3, 5, 8, 10, or
15 mg/kg equivalent doxorubicin on days 0, 4, 8, 11, and 15. The body-
weight change and the physical state of mice were monitored for a period
of 20 d.
Evaluation of cardiotoxicity. Any possible effect of doxorubicin-induced car-
diotoxicity in the case of SQ-Dox NAs was determined comparatively to the
free doxorubicin using male SH rats weighing ∼200 g. All of the groups (n =
8) received a weekly intravenous injection for 11 consecutive weeks. One
group received free doxorubicin at a dose 1 mg·kg·wk, whereas two other
groups received SQ-Dox NAs at a dose of 1 or 2 mg mg·kg·wk equivalent
doxorubicin. The control group received 0.9% saline. The injection volume
was 1 μL/g for all treated rats. During the course of the study, the rats were
observed daily, and the weight, food, and water consumption were mea-
sured. Blood samples were collected before the first dosing (day 1), and then
once a week after the 4th, 6th, 8th, 10th, and 11th injection, and dispatched
for the assessment of serum troponin-T. On the day of necropsy (day 78), the
rats were killed by subtotal exsanguinations, and after a macroscopic ex-
amination the hearts were removed and weighed. The heart weights of all
of the tested rats were similar to that of the control rats. Hearts were then
fixed in 4% buffered formalin, paraffin-embedded, and cut into 5-μm-thick
sections. Hematoxylin-Eosin-Safran (HES) staining was performed on all
specimens of the hearts for histological examinations.
Anticancer efficacy studies. The antitumor efficacy of SQ-Dox NAs was evalu-
ated and compared to free doxorubicin, on the M109- andMiaPaCa-2 tumor-
bearing mice. Two-hundred microliters of the cell suspensions, equivalent to
1 × 106 for M109 or 1 × 107 for MiaPaCa-2 cell lines, were injected sub-
cutaneously into CD2F1 or nude mice, respectively, toward the upper por-
tion of the right flank to develop a solid tumor model. Tumors were allowed
to grow until a volume of ∼100 mm3 before initiating the treatment. Tumor
length and width were measured using calipers, and the tumor volume was
calculated using the following equation: Tumor volume (V) = length ×
width2/2. Tumor-bearing CD2F1 or nude mice were randomly divided into
four groups of 10 each and injected five times with either: (i) saline 0.9%, (ii)
SQCOOH NAs (100 mg/kg), (iii) free doxorubicin (3 mg/kg, MTD), or (iv) SQ-
Dox NAs (15 mg/kg equivalent doxorubicin, MTD). All groups of mice re-
ceived these treatments on days 0, 4, 8, 12, and 16 by intravenous injection
in the lateral tail vein. The injected volume was 10 μL/g of the body weight.
The mice were monitored regularly for changes in tumor size and weight.

In another study, and for comparison with liposomal formulations of
doxorubicin (i.e., Myocet and Caelyx) (Fig. 5 E and F), the mice were injected
with either doxorubicin (5 × 3 mg/kg, MTD), SQ-Dox NAs (SQ-Dox NAs, 5 × 15
mg/kg equivalent doxorubicin, MTD), liposomal formulation of doxorubicin
(Myocet, 5 × 3 mg/kg equivalent doxorubicin, MTD), PEGylated liposomal
formulation of doxorubicin (Caelyx, 5 × 5 mg/kg equivalent doxorubicin,
MTD), and saline 0.9%. All groups of mice received these treatments on days
0, 4, 8, 11, and 15 by intravenous injection in the lateral tail vein (10 μL/g of
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the body weight). The mice were monitored regularly for changes in tumor
size and weight.
Immunohistochemical analysis of xenografts. Tumors were excised on day 16,
fixed in FineFix (Milestone), paraffin-embedded, and cut into 5-μm-thick
sections. HES staining was performed on all of the xenografts for analysis of
the morphology. Apoptosis study was performed by caspase-3 staining and
TUNEL System (Roche Diagnostics). TUNEL and caspase-3+ cells were ana-
lyzed by microscopy (Leica) and counted per view at 40× magnification. Five
representative fields were chosen for counting. Necrotic fields were ex-
cluded. See more details in SI Materials and Methods.
In vivo pharmacokinetics of SQ-Dox NAs. A total of 48 additional healthy nude
mice were randomly assigned into two groups (n = 24 mice per group). To
measure the pharmacokinetics, SQ-Dox NAs (8 mg/kg equivalent doxorubi-
cin) or free doxorubicin (8 mg/kg, MTD) were intravenously injected into the
female nude mice via the tail vein. Blood samples (300 μL) were collected
from the tail vein into the heparinized tubes at 15 and 45 min, 2, 4, 8, and 24
h after drug administration (n = 4 at each time point) and then centrifuged
(15,000 × g for 10 min at 4 °C) to separate the plasma which was then stored
at −70 °C until the doxorubicin measurement.
Biodistribution of SQ-Dox NAs in nude mice. For the biodistribution study, a total
of 16 additional nude mice bearing MiaPaCa-2 tumors (diameter 0.5–1 cm)
were randomly assigned into two groups (n = 8 mice per group), injected
intravenously with either SQ-Dox nanoassemblies (8 mg/kg equivalent
doxorubicin) or free doxorubicin (8 mg/kg, MTD). In each treatment group,
mice were killed by cervical dislocation at 2 or 24 h after drug administration
(n = 4 at each time point). The tumor, spleen, heart, brain, lung, kidney, and
liver samples were collected. All tissues were weighed, suspended in 1–3 mL
of water (200 mg/mL), and homogenized using 2-mm-diameter zirconium
beads (Sigma) for 90 min (25,000 beats per minute). Before and after the
homogenization the tissues were kept on ice in the dark. The tissue sus-
pensions were stored at −70 °C until the doxorubicin measurement.
Measurements of doxorubicin in urine. Nude mice (n = 5 per cage) were fed with
excess amount of water using a feeding needle and then the urine was
collected for 0–24 h in a metabolic cage after a single administration of
SQ-Dox NAs (8 mg/kg equivalent doxorubicin) or free doxorubicin (8 mg/kg,
MTD). The urine samples were then stored at −70 °C until the doxorubicin
measurement.
HPLC analysis of doxorubicin. For HPLC analysis, 100 μL of each plasma or urine
sample were spiked with 10 μL of 20 μM idarubicin hydrochloride solution

(Internal Standard) before the addition of 500 μL of methanol and cen-
trifugated at 10,000 × g for 10 min at 4 °C. One-hundred microliters of each
tissue sample (i.e., tumor, spleen, heart, brain, lung, kidney, and liver) were
spiked with 10 μL of 5 μM idarubicin hydrochloride solution (Internal Standard)
before addition of 1 mL of a mixture of acetonitrile/methanol [90/10 (vol/vol)],
and centrifugated at 15,000 × g for 10 min at 4 °C. Supernatants were then
evaporated to dryness under a nitrogen flow at 40 °C and reconstituted in 100
μL of mobile phase [pH 2.5, 0.8% trichloroacetic acid:acetonitrile, 63:37 (vol/
vol)]. The extracted drug was quantified by reverse-phase HPLC (Waters) with
a C18 column. The system consisted of a Waters 1525 Binary LC pump,
a Waters 2707 Autosampler, a C18 Uptisphere column (3 μm, 150 × 4.6 mm;
Interchim), HPLC column temperature controllers (model 7950 column heater
and chiller; Jones Chromatography) and a Waters 484 programmable fluo-
rescence detector. The HPLC column was maintained at 30 °C. Detection was
monitored via doxorubicin intrinsic fluorescence at 570 nm. The mobile phase
was delivered at a rate of 1.0 mL/min. The limit of quantitation was 0.05 μg/
mL. The data were normalized to the tissue weight. Assuming a 42% he-
matocrit for blood, the plasma drug concentration was estimated via this
standard. Bioavailability from 0 to 24 h (AUC0–24) was calculated from the area
under the blood concentration vs. time curve using the linear trapezoidal rule.

Statistical Analysis. All of the data presented in this article are the result of
a minimum of three independent experiments. Statistical analyses were
performed using Prism GraphPad software. The significance level was cal-
culated using a one-way Anova method, followed by Dunnett’s test or with
independent Student t test.
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