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Self-Assembly of Cholesterol-Doxorubicin and TPGS into
Prodrug-Based Nanoparticles with Enhanced Cellular
Uptake and Lysosome-Dependent Pathway in Breast Cancer
Cells

Filipe Olim, Ana Rute Neves, Mariana Vieira, Helena Tomás,* and Ruilong Sheng*

Developing new easy-to-prepare functional drug delivery nanosystems with
good storage stability, low hemotoxicity, as well as controllable drug delivery
property, has attracted great attention in recent years. In this work, a
cholesterol-based prodrug nanodelivery system is prepared by self-assembly
of cholesterol-doxorubicin prodrug conjugates (Chol-Dox) and tocopherol
polyethylene glycol succinate (TPGS) using thin-film hydration method. The
Chol-Dox/TPGS assemblies (molar ratio 2:1, 1:1, and 1:2) are able to form
nanoparticles with average hydrodynamic diameter of ≈140–214 nm, surface
zeta potentials of ≈−24.2–−0.3 mV, and remarkable solution stability in 0.1 m
PBS, 16 days). The Chol-Dox/TPGS assemblies show low hemotoxicity and
different cytotoxicity profiles in breast cancer cells (MCF-7 and MDA-MB-231),
which are largely dependent on the molar ratio of Chol-Dox and TPGS. The
Chol-Dox/TPGS assemblies tend to enter into MCF-7 and MDA-MB-231 cells
through non-Clathrin-mediated multiple endocytosis and
lysosome-dependent uptake pathways, moreover, these nanoassemblies
demonstrate lysosome-dependent intracellular localization, which is different
from that of free DOX (nuclear localization). The results demonstrate that the
Chol-Dox/TPGS assemblies are promising cholesterol-based prodrug
nanomaterials for breast cancer chemotherapy.
Practical Applications: This work demonstrates a lipid prodrug-based
nanotherapeutic system. Herein the Chol-Dox/TPGS nanoassemblies could
serve as promising and controllable cholesterol-based prodrug
nanomaterials/nano-formulations for potential breast cancer chemotherapy.

1. Introduction

As one of the leading cancer chemotherapeutics, doxorubicin
(DOX), a topoisomerase II inhibitor that intercalates with DNA,
is widely employed for cancer treatment. Nevertheless, in the
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clinical scenario,[1] Dox has severe side
effects such as high cardiotoxicity, show-
ing a non-selective distribution, as well
as multiple-drug resistance by some P-
glycoprotein over-expressed tumor cells.[2–4]

It has been disclosed that lipid-conjugated
prodrugs could improve drug stability
and present controllable drug release
properties.[5,6] Some lipids (squalene,[7]

palmitic acid,[8] 𝛼-linolenic acid[9] and oleic
acid[10])-based DOX conjugates/complexes
have been prepared, which showed im-
proved bioavailability, reduced cytotoxicity,
and enhanced drug loading/releasing effi-
ciency in certain tumor cell lines. Thus, to
overcome the shortcomings of free DOX,
developing new lipid-based DOX pro-
drugs was regarded as a feasible approach.
Moreover, for the sake of green chemistry
and renewable economy, transforming
biocompatible natural-based lipids[11] into
molecular pharmaceutics and functional
biomaterials via synthetic approaches is im-
portant for the development of sustainable
biomedical engineering.
Natural steroid lipids are known as “keys

of life” and play vital biological roles, in-
cluding cell membrane formation, hor-
mone metabolism, cell adhesion, and sig-
nal transduction,[12] in living organisms.

Therefore, the incorporation of natural steroid-based building
blocks into nanobiomaterials may bring them high biocompat-
ibility and endow them with specific biological functions.[13–17]

In earlier works, Sheng et al. prepared some bioreduction-
responsive cholesterol (CHOSS) lipids[18] with high pDNA
uptake/delivery efficiency and perinucleic localization effect.
Moreover, they synthesized some cholesterol/lithocholate-based
cationic lipids via copper(I)-catalyzed azide alkyne cycloaddi-
tion (CuAAC) “Click” approach and disclosed that the up-
take/gene delivery efficiency greatly relied on the steroid
structures.[19] By studying some cholesterol-based gene car-
rier models, they found that the physicochemical features and
gene transfection properties were dependent on the cationic
amino-acid headgroups rather than chemical linkages.[20] These
works demonstrated that self-assembly of cholesterol- containing
lipids into nanotherapeutics could lead to remarkable biological
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Scheme 1. From cholesterol-based gene delivery nanosystem to cholesterol-based (pro)drug delivery nanosystem.

performance (such as good serum-compatibility, low cytotoxicity,
high cellular uptake, and gene transfection efficiency), which pro-
vided solid fundamental for further developing new cholesterol-
based prodrug nanosystems toward drug delivery application.
Notably, many lipid-based prodrugs/conjugates are

poor water-soluble, for improving their solubility, chemi-
cally/covalently linking or non-covalently assembling polyethy-
lene glycol (PEG) chain-containing units/blocks onto the
prodrug-based therapeutics has been approved as efficient
methods. Moreover, the covalent/non-covalent incorporation of
PEG-containing moieties could prolong the blood circulation
time of nanotherapeutics, increase their accumulation and thus
enhance the permeability and retention (EPR) effect.[21–23] To-
copherol polyethylene glycol succinate (TPGS), a natural-based,
biocompatible, and commercially available amphiphilic lipid,
has been utilized as a helper lipid in the construction of func-
tional liposomes[24,25] or lipid nanoparticles/micelles.[26–28] It is
essential to rationally incorporate TPGS with prodrugs and study
the correlation between structure/chemical composition and
cellular behavior. Moreover, it is very important to investigate
the roles that TPGS plays in cell biological properties (e.g.,
cell cycle arresting, uptake/endocytosis pathways, intracellular
trafficking/localization), which could provide effective feedback
for further developing new prodrug/TPGS-based nanosystems
with high performance and desired biofunctions.
Biologically, previous research disclosed that endocyto-

sis pathways/mechanisms greatly affect drug/gene delivery
performance.[29] In general, free cholesterol-low density lipopro-
tein (LDL) complexes enter into the mammalian cell through
Apolipoprotein and LDL receptor-assisted uptake and Niemann-
Pick C1-like transmembrane protein (NPC1)-mediated endocy-
tosis, followed by “endosome-lysosome” intracellular transport
and nuclear localization.[30] For cholesterol-containing nanobio-
materials, different endocytosis pathways were discovered. For
example, Bae et al.[31] found that cholesterol-based (CHOL-
E) liposomes undergo clathrin-mediated endocytosis as the
dominant pathway for cellular uptake. Pozzi et al.[32] disclosed
that multi-component envelope-type nanoparticle systems con-
taining cholesterol cationic lipids (DC-Chol) were taken up by

cells through the macropinocytosis pathway. Recently, Sheng
et al. concluded that some steroid-(cholesterol, 2H-cholesterol,
diosgenin, and tigogenin) based cationic lipids/pDNA lipoplexes
mainly enter H1299 cells through caveolae and lipid-raft medi-
ated endocytosis pathways.[33] Notably, up to date, the correlation
between chemical structures and endocytosis/intracellular
pathways for most of the cholesterol-based nanotherapeutic
(especially nanoprodrug) systems still remains unclear and
needs to be further investigated.
By the inspiration of our previous research on cholesterol-

based gene delivery nanosystems, herein, we present a
cholesterol-based (pro)drug delivery nanosystem (Scheme 1),
a cholesterol-doxorubicin conjugated lipid (Chol-Dox) was
synthesized and self-assembled with TPGS to construct Chol-
Dox/TPGS nanoassemblies using thin-film hydration method.
The physicochemical properties of Chol-Dox/TPGS assem-
blies were studied by dynamic light scattering (DLS) and
transmission electron microscopy (TEM). The hemotoxicity
of Chol-Dox/TPGS assemblies was tested by the cyanmethe-
moglobin assay and the cytotoxicity/inhibition efficiency was
evaluated by assessing cell metabolic activity (resazurin assay
method) in two breast tumor (MCF-7 and MDA-MB-231) cell
lines. The cellular uptake efficiency was evaluated by flow cy-
tometry and endocytosis pathways were studied using specific
endocytosis inhibitors. Finally, the intracellular localization
of the Chol-Dox/TPGS nanoassemblies was evaluated using
fluorescence microscopy.

2. Results and Discussion

2.1. Synthesis and Characterization of the Chol-Dox

In DOX -based prodrugs, generally, there are two reaction sites
for functional moieties conjugation: the ketone (–C=O) and
amino (–NH2) groups.

[34] The conjugates should be degrad-
able/cleavable under the intracellular acidic environment[35]

(e.g., inside lysosome) and thus result in the release of DOX.
Herein, by one-step coupling of cholesteryl chloroformate with
1o amine group on the sugar ring of DOX, followed by flash
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Scheme 2. Synthesis and molecular structure of the cholesterol-doxorubicin lipid conjugate (Chol-Dox).

Scheme 3. Preparation of Chol-Dox/TPGS nanoassemblies by incorporation of TPGS with Chol-Dox in aqueous solution.

column chromatography purification, we prepared a Chol-Dox
through a facile and modular synthetic method (Scheme 2), with
the isolation yield of 83%. The molecular structural characteriza-
tion by NMR and MS was described in detail in the experimental
part, and the 1H, 13C NMR, and ESI-MS spectra of Chol-Dox are
shown in Figure S1, Supporting Information. In the 1H NMR
spectrum, the peaks at 13.97 and 13.21 ppm are identified as
the phenol proton signals, and peaks at 7.41, 7.34, and 7.28 ppm
are signals of the aromatic protons of DOX. An obvious double
bond proton signal of cholesterol could be seen at ≈5.2–5.3 ppm.
The multiple signals ≈2.23–0.74 ppm belong to the hydropho-
bic cholesterol[18,19,33,36,37] skeletons. The results indicate that the
new Chol-Dox was successfully prepared via a facile, mild, and
efficient synthetic approach.

2.2. Preparation of Chol-Dox/TPGS Assemblies and Their
Physico-Chemical Properties (Hydrodynamic Diameter and Zeta
Potential)

The as-synthesized Chol-Dox systems are highly hydrophobic
and poor-water soluble. To prepare a nano-formulation with good
water solubility and achieve enhanced-drug delivery properties,
Chol-Dox was self-assembled with TPGS at predetermined mo-
lar ratios (1:2, 1:1, 2:1, v:v) by lipid thin-film hydration method
(Scheme 3).[36,38] The Chol-Dox/TPGS assemblies were obtained
as transparent red-colored solutions.

Table 1. Hydrodynamic diameter (z-average, nm), polydispersity index
(PDI), and zeta potential of the Chol-Dox/TPGS nanoassemblies.

Samples Z-average [nm] Polydispersity
[PDI]

Surface zeta
potential [mV]

Chol-Dox - - -

Chol-Dox/TPGS 2:1 214 ± 6 0.353 − ̵24.2 ± 0.4

Chol-Dox/TPGS 1:1 140 ± 4 0.347 −̵7.3 ± 0.7

Chol-Dox/TPGS 1:2 141 ± 3 0.318 −̵̵0.3 ± 0.1

It has been disclosed that the therapeutic efficiency of
drug/gene nanocarriers greatly relies on their physicochemical
properties (such as particle size, zeta potential, morphology, sta-
bility, and so on).[39] In our exploration of solution self-assembly
conditions, we found that the particle size of Chol-Dox/TPGS as-
semblies largely depends on the Chol-Dox/TPGS ratio. At high
Chol-Dox/TPGS ratios of 2:1, small nanoparticles were difficult
to be formed, due to the high hydrophobicity of Chol-Dox; at
lower Chol-Dox/TPGS ratios of 1:1 and 1:2, smaller nanoparti-
cles (around 140 nm, Table 1) were formed, since the high con-
centration of TPGS can serve as a hydrophilic auxiliary agent
to increase the solubility of the poorly-water soluble Chol-Dox.
Moreover, the ultrasonication time is also an essential factor.
A prolonged ultrasonication time will lead to better dispersion
(polydispersity (PDI) < 0.25) and smaller average particle sizes
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Figure 1. TEM images of the Chol-Dox/TPGS nanoassemblies. A) Chol-Dox/TPGS 2:1; B) Chol-Dox/TPGS 1:1; C) Chol-Dox/TPGS 1:2;scale bar: 100 nm.
It could be seen that Chol-Dox/TPGS assemblies are near-spherical solid nanoparticles.

(<220 nm). Likewise, in previous work, Sheng et al. reported
that the co-assembly of the diosgenin-based cationic lipid with
the hydrophilic DOPE helper lipid could lead to the formation
of Dios-Arg/DOPE nanoparticles with small hydrodynamic size,
which brings about high pDNA/siRNA binding affinity and ef-
ficient gene transportation efficiency.[36] The present results in-
dicated that the particle size of the Chol-Dox/TPGS assemblies
could be tuned by choosing certain Chol-Dox/TPGS molar ratio
and optimizing the ultrasonication time.
It has been disclosed that drug delivery and cellular inter-

nalization/trafficking mechanisms of nanobiomaterials largely
rely on their hydrodynamic particle size, surface charge, and
shape/morphology,[33,40] these physicochemical properties
were dependent on the molecular factors including: struc-
ture/geometry, hydrophobicity/hydrophilicity, and component
ratios.[41] Herein, the hydrodynamic diameter, PDI, and surface
charge of Chol-Dox/TPGS assemblies were measured. As shown
in Table 1, the Chol-Dox and TPGS are able to form nanoaggre-
gates in aqueous solution. The average hydrodynamic diameter
of Chol-Dox/TPGS assemblies (2:1, 1:1, and 1:2) is≈140–214 nm
with moderate size distributions (PDI ≈0.318–0.353, original
profiles were shown in Figure S2, Supporting Information.
The decrease of Chol-Dox/TPGS ratio (increase of assemblies’
hydrophilicity) will lead to smaller particle size.[39,40] Delightfully,
the obtained particle size is suitable for efficient intracellular
uptake and may be beneficial for intracellular drug delivery
and nuclear localization.[18,36,42] Meanwhile, different surface
charges (zeta potentials) of the Chol-Dox/TPGS assemblies were
observed. Chol-Dox/TPGS assemblies (2:1 and 1:1) demon-
strated relatively higher negative surface charges of −24.2 and
−7.3 mV, whilst Chol-Dox/TPGS assemblies (1:2) showed less
negative surface charges −0.3 mV, which may due to the charge
shielding (“stealth”) effect of the linear PEG-1000 chain attached
to TPGS. The results indicated that the surface charge could
be tuned/controlled by choosing certain Chol-Dox and TPGS
amounts/ratios. Moreover, the different surface charge values
among Chol-Dox/TPGS assemblies (2:1, 1:1, and 1:2) suggested
that they may possess different cellular uptake capability, drug
delivery efficiency, as well as intracellular behavior.[20]

Morphology of the Chol-Dox/TPGS nanoassemblies was in-
vestigated by TEM. In Figure 1, the Chol-Dox/TPGS assem-
blies were observed as near-spherical solid nanoparticles.[18]

Compared to the double chain-bearing helper lipids such as
dioleoylphosphatidylethanolamine (DOPE) and 1,2-dioleoyl-3-

Figure 2. In solution stability of the Chol-Dox/TPGS assemblies at various
molar ratios (2:1 1:1 and 1:2).

trimethylammonium propane (DOTAP), single chain-bearing
TPGS tend to form solid nanoparticles instead of bilayer lipo-
somes with lamellar phase structure. Similarly, Feng et al dis-
closed that a vitamin E TPGS-cisplatin prodrug could be assem-
bled into solid nanoparticles.[24] Moreover, it could be noticed that
the trend of particle size for Chol-Dox/TPGS assemblies mea-
sured by TEM was in good accordance with the DLS results.

2.3. In-Solution Stability of the Chol-Dox/TPGS Assemblies

For practical applications, the drug-loaded lipid nanoparti-
cles/assemblies should be stable enough for storage and the
possible dissociation under storage conditions should be avoided
to maintain bioavailability. Misra et al. reported that the solution
storage stability of a nano-formulation could affect their gene
delivery properties.[43] Herein, we examined the solution stability
of Chol-Dox/TPGS assemblies in PBS (1×) solution by measur-
ing the hydrodynamic diameter at pre-determined times (0, 6, 16
days) by DLS. As shown in Figure 2, the less hydrophobic Chol-
Dox/TPGS (1:2 and 1:1) assemblies showed negligible particle
size change and the more hydrophobic Chol-Dox/TPGS (2:1) as-
semblies showed a slight decrease of size after 16 days of incuba-
tion. The high stability may be due to the strong hydrophobic in-
teractions among the cholesterol and tocopherol hydrophobes.[44]

Notably, the stability sequence of Chol-Dox/TPGS 1:2 ≈ 1:1 > 2:1
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Figure 3. Apparent cytotoxicity of the Chol-Dox/TPGS assemblies in a) MCF-7 cells and b) MDA-MB-231 cells; TPGS, free Dox, and Chol-Dox were used
as controls; experiments were made at equivalent doxorubicin concentrations (from 0 to 10 µg mL−1).

showed that the combination of TPGS helper lipid[45] with the
hydrophobic Chol-Dox prodrug could enhance nanoformula-
tion’s stability, which may benefit their drug delivery efficiency.

2.4. Cytotoxicity of the Chol-Dox/TPGS Assemblies

The in vitro cytotoxicity of the Chol-Dox/TPGS assemblies was
evaluated in two breast cancer cell lines (MCF-7 and MDA-MB-
231) using a metabolic activity assay (the resazurin reduction
assay) with free TPGS and free DOX as controls. As shown in
Figure 3a,b, the TPGS helper lipid showed negligible cytotoxi-
city in MCF-7 and MDA-MB-231 cell lines (viability > 93.0%),
whereas freeDox demonstrated high cytotoxicity (viability≈63.0–
68.2% in MCF-7 and ≈75.2–82.5% in MDA-MB-231), which pos-
sibly due to its topoisomerase II inhibition and DNA intercala-
tion effects.[46] The Chol-Dox conjugate showed less cytotoxic-
ity than free Dox (≈92.7–98.5%in MCF-7 and ≈78.1–115.4%in
MDA-MB-231) due to the covalent conjugation on the amine
group.[9] Notably, the Chol-Dox/TPGS assemblies have very dif-
ferent cytotoxicity behavior within the tested Dox concentration
range (from 0 to 10 µg mL−1). Chol-Dox/TPGS assemblies of 2:1
and 1:1 showed low cytotoxicity (viability ≈105.6–96.5% in MCF-
7 and ≈106.7–114.7%in MDA-MB-231). Dramatically, the Chol-
Dox/TPGS assemblies (1:2) showed remarkable cytotoxicity (via-
bility≈42.5–75.6% inMCF-7 and≈47.7–79.1% inMDA-MB-231)
and their IC50 values (≈8.0 µg mL−1 for both MCF-7 and MDA-
MB-231 cell lines) were lower than that of freeDox (IC50 > 10.0 µg
mL−1), indicating the TPGS ratio greatly affects the apparent cyto-
toxicity of Chol-Dox/TPGS assemblies. These results suggested
that cytotoxicity can be controlled by incorporating TPGS into
Chol-Dox prodrug for the construction of Chol-Dox/TPGS as-
semblies, while the enhanced cytotoxicity mechanism is not clear
yet. Likewise, in previous work, Sheng et al. have revealed that the
apparent cytotoxicity of Dios-Arg/DOPE nanoparticles greatly re-
lied on the ratio of hydrophilic DOPE helper lipid.[36]

Figure 4. Hemotoxicity (% of hemolysis) of Chol-Dox/TPGS assemblies
in red blood cells; TPGS, free Dox, and Chol-Dox were used as controls;
experiments were made at equivalent doxorubicin concentrations (from
0 to 10 µg mL−1). It showed that Chol-Dox/TPGS assemblies have low
hemotoxicity.

2.5. Hemotoxicity of the Chol-Dox/TPGS Assemblies

Besides cytotoxicity, hemotoxicity is an essential parameter for
the evaluation of biocompatibility of nanomaterials to be ad-
ministered in blood circulation systems, which will inevitably
have contact with blood cells, especially red blood cells, and
possibly induce hemotoxicity and diminish their therapeutic ef-
ficacy. Herein the hemotoxicity of Chol-Dox/TPGS assemblies
in human red blood cells was measured by hemoglobin assay.
As shown in Figure 4, the Chol-Dox/TPGS assemblies, TPGS,
Chol-Dox, and free Dox showed low hemotoxicity (<9.8%),
which may be due to the shielding effect of PEG chains and
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Figure 5. Intracellular uptake of Chol-Dox/TPGS nanoassemblies in a) MCF-7 and b) MDA-MB-231 cell lines by flow cytometry using Chol-Dox as the
control, it indicated that the intracellular uptake increased with the increasing of TPGS ratio.

negatively-charged surface that decreased the interactions of
Chol-Dox/TPGS assemblies with the blood cell membranes. The
results indicated that Chol-Dox/TPGS assemblies could be em-
ployed as low hemotoxic and biocompatible nanoformulations
for potential in vivo drug administration.

2.6. Cellular Uptake of Chol-Dox/TPGS Assemblies in MCF-7 and
MDA-MB-231 Cells

Cellular uptake capability is an essential factor that determines
the transport/delivery efficiency of drug/gene therapeutics.[47]

Herein, by using the red-fluorescent emission of Chol-
Dox/TPGS assemblies, we quantitatively analyzed the cell
uptake efficiency by flow cytometry, with Chol-Dox and free Dox
used as controls (the original flow cytometry profiles are shown
in Figure S3, Supporting Information). As shown in Figure 5a,b,
the Chol-Dox conjugates have relatively lower cellular uptake
capability, which might be due to their poor water solubility
and negative charge on the deprotonated phenol groups of
DOX. Compared to Chol-Dox (uptake capability set as 100%),
much higher cellular uptake capability were observed for the
Chol-Dox/TPGS (2:1) assemblies (125.5% in MCF-7 and 144.2%
in MDA-MB-231 cells) and Chol-Dox/TPGS (1:1) assemblies
(162.2% in MCF-7 and 190.1% in MDA-MB-231 cells). The
Chol-Dox/TPGS (1:2) assemblies showed the highest cell uptake
capability (234.3% in MCF-7 and 192.5% in MDA-MB-231), indi-
cating that the incorporation of TPGS could largely increase the
uptake process. As aforementioned, the incorporation of TPGS
is associated to a higher PEG-shielding effect and increased
surface zeta potential (from −24.2 to −0.3 mV), thus leading to
an enhancement of cellular uptake. Likewise, in an earlier work,
Sheng et al. demonstrated that the incorporation of DOPE helper
lipids into Diosarg cationic lipids could increase the surface zeta
potential and related cellular uptake.[36] It can be deduced that
the highest cellular uptake capability of Chol-Dox/TPGS (1:2)
assemblies lead to the highest DOX delivery efficiency and

thus cause remarkable inhibition effect on the breast tumor
cells.[47] Overall, the results showed that the cellular uptake
efficiency could be adjusted/tuned by incorporating certain lipid
amphiphiles with the DOX prodrug.

2.7. Endocytosis Pathway Analysis of the Chol-Dox/TPGS
Assemblies

Nanomaterials were reported to enter mammalian cells through
several endocytosis pathways including: clathrin-mediated
endocytosis (inhibitor: Chlorpromazine), caveolae/lipid-raft-
mediated endocytosis (inhibitor: Filipin III), macropinocytosis
(inhibitor: cytochalasin D), microtubule-assisted phagocyto-
sis (inhibitor: Nocodazole), and lysosome-dependent pathway
(inhibitor: Nigericin). When nanomaterials are used as drug
carriers, these different pathways have been shown to be related
with drug delivery efficiency.[29,48,49] To study the endocytosis
mechanisms of Chol-Dox/TPGS assemblies, their cellular
uptake was analyzed by flow cytometry in the presence of
various endocytosis-specific inhibitors (the uptake efficiency
of Chol-Dox/TPGS assemblies without endocytosis inhibitors
was set as 100%). As shown in Figure 6a, in MCF-7 cells
(estrogen receptor + (ER+), progesterone receptor + (PR+),
human epithelial growth factor receptor–(HER2-)),[50] Chol-Dox
prodrug enters cells mainly through macropinocytosis, which
is different from free Dox (passive diffusion[4]). Notably, Chol-
Dox/TPGS assemblies undergo multiple endocytosis pathways
(mostly microtubule-dependent phagocytosis) and lysosome-
dependent intracellular pathway, but non-Clathrin-mediated and
non-Caveolae/lipid-raft-mediated. The endocytosis feature of
Chol-Dox/TPGS may be attributed to the combination effect of
hydrophilic TPGS, cholesterol-based structure, and lysosome-
degradable carbamate ester. On the other hand, as shown in
Figure 6b, different endocytosis pathways were observed in
MDA-MB-231 cells (ER-, PR-,[50] HER2-). The Chol-Dox prodrug
enters into MDA-MB-231 cells through multiple endocytosis
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Figure 6. Endocytosis pathway analysis of the Chol-Dox/TPGS assemblies in a) MCF-7 and b) MDA-MB-231 cells by measuring the relative uptake
efficiency with endocytosis-specific inhibitors (*p < 0.05, **p < 0.001).

pathways; the lysosome-dependent property may be attributed
to its cholesterol-based structure and lysosome-degradable
carbamate ester as well. For Chol-Dox/TPGS assemblies, they
tend to enter MDA-MB-231 cells through multiple pathways too
(mainly macropinocytosis and microtubule-dependent phagocy-
tosis), but not through Clathrin-mediated pathway, which may
be due to the strong hydrophilicity of TPGS. Chol-Dox/TPGS
assemblies also have a lysosome-dependent intracellular path-
way. The results showed that, to some extent, introducing
TPGS could lead to non-Clathrin-mediated multiple endocytosis
pathways. Likewise, some PLA-PEG-containing nanoparticles
enter the in bEnd.3 cell through a macropinocytosis pathway
instead of Clathrin-mediated pathway.[51] Notably, the strong
lysosome- dependent feature of Chol-Dox/TPGS may be bene-
ficial for the lysosomal enzyme-induced Dox release from the
nanoassemblies.[52] Moreover, the different endocytosis profiles
of MCF-7 and MDA-MB-231 cells suggested that cell surface
receptor (ER/PR) phenotypes may play important roles in the
determination of uptake efficiency and endocytosis pathways.

2.8. Intracellular Localization of the Chol-Dox/TPGS Assemblies

To get more insight of the cellular fate, the intracellular localiza-
tion of the Chol-Dox/TPGS assemblies in MCF-7 (Figure 7) and
MDA-MB-231 cells (Figure S4, Supporting Information) was ob-
served under fluorescence microscope, with Chol-Dox and free
Dox as the control. The cell nuclei and lysosomes were separately
labeled/stained with the fluorescent dyes Hoechst 33258 (blue
fluorescent) and Lysotracker (green), respectively. As shown in
Figure 7, in MCF-7 cells, after incubation with free Dox, strong
red fluorescent spots were found within the entire cells; they
were able to co-localize with the Hoechst 33258-stained nucleus
and also co-localize with the lysotracker-stained lysosome, due
to the fast diffusion of water-soluble small molecule DOX. Chol-
Dox, the lipid conjugate of DOX, was mostly located outside the

cell and some of them were shown to adhere to the cell mem-
brane, which may be due to the presence of cholesterol that acted
as a docking moiety. Meanwhile, in the case of Chol-Dox/TPGS
nanoassemblies, different intracellular localization profiles were
observed. For the cells incubated with Chol-Dox/TPGS 2:1, red
fluorescent spots were observed dispersed around/outside the
cells and a comparatively weaker red fluorescence could be ob-
served inside the cells, indicating their low cellular uptake ca-
pability. For the cells incubated with Chol-Dox/TPGS 1:1 and
1:2, stronger red fluorescence inside the cells could be observed.
Notably, lysosome co-localization effects[33] of these assemblies
were observed, indicating that the introduction of TPGS could re-
markably enhance the intracellular uptake of Chol-Dox and lead
to lysosome localization. Similar intracellular localization of the
Chol-Dox/TPGSnanoassemblies was also observed inMDA-MB-
231 cells (Figure S4, Supporting Information), indicating that in-
tracellular trafficking of the nanoassemblies was not cell type-
dependent.
Accordingly, we proposed an intracellular trafficking mech-

anism of Chol-Dox/TPGS assemblies as follows: first, the
Chol-Dox/TPGS assemblies entered cancer cells through multi-
pathway (macropinocytosis/phagocytosis)-mediated endocyto-
sis; second, the assemblies underwent endosome-lysosome in-
ternalization pathway and then localized inside lysosome; finally,
the assemblies were dissociated in lysosome and followed with
esterase-assisted hydrolysis of the prodrug Chol-Dox. The results
indicated that molecular/structural factors imposed by Chol-
Dox/TPGS (prodrug/helper lipid) ratios remarkably affected the
cellular uptake and localization of the nanoassemblies, which al-
lows a possible way to control their biological behavior.

3. Conclusions

In this work, we developed a cholesterol-based (pro)drug de-
livery nanosystem by self-assembly of Cholesterol-Doxorubicin
prodrug and TPGS using thin-film hydration method. The
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Figure 7. Intracellular localization of the Chol-Dox/TPGS assemblies in MCF-7 cells, Chol-Dox, and free Dox were used as controls (scale bar: 100 µm).
It showed that, compared to free Dox and Chol-Dox, Chol-Dox/TPGS assemblies have different intracellular localization effects, moreover, introduction
of TPGS could lead to efficient lysosome localization.

Chol-Dox/TPGS assemblies (molar ratio 2:1, 1:1, and 1:2) were
able to form nanoparticles with average hydrodynamic particle
diameter of ≈140–214 nm, surface zeta potential of ≈−24.2–
−0.3 mV, and remarkable solution stability in 0.1 m PBS. The
Chol-Dox/TPGS assemblies showed low hemotoxicity and
different cytotoxicity profiles in distinct types of breast cancer
cells (MCF-7 and MDA-MB-231), which was largely dependent
on the molar ratio of Chol-Dox and TPGS. Moreover, the Chol-
Dox/TPGS assemblies seem to enter MCF-7 and MDA-MB-231
cells through non-Clathrin-mediated endocytosis and lysosome-
dependent pathways. The endocytosis pathways seem to depend,
to some extent, on the type of breast cancer cells. Moreover,
the Chol-Dox/TPGS assemblies showed lysosome-dependent
intracellular localization, different from that of free DOX. The
results demonstrated that the Chol-Dox/TPGS assemblies could
be employed for the inhibition of breast cancer cell proliferation,

making them potential candidates for breast cancer chemother-
apy. Notably, this work established sustainable (pro)drug delivery
nanosystems from natural lipid-based prodrug conjugates via
easy-to-manipulate synthesis and self-assembly approaches. It
can be anticipated that, in future research, stimuli-responsive
(e.g., disulfide[18] and Schiff-base[53]) linkers and targeting-
ligands (e.g., glucosamine[54] and cell penetrating peptides[55])
could be further introduced to construct natural lipid-based
“smart” nano-therapeutics toward nanomedicine applications.

4. Experimental Section
Materials: Cholesterol chloroformate (98.0%) was purchased from

Sigma Aldrich and used as received. DOX hydrochloride (99.0%) was
purchased from Haizheng Pharma. Co. Ltd, China, and used as received.
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Tocopheryl polyethylene glycol 1000 succinate TPGS (98.0%) was pur-
chased from Aladdin, China, and used as received. Other reagents and
solvents were analytical grade and also used as received.

Resazurin sodium salt (75.0% of dye content) was bought from Sigma
Aldrich and dissolved in PBS (phosphate buffer solution, Sigma Aldrich) to
prepare the solution (0.1 mg mL−1) for the cytotoxicity assays. RPMI-1640
culture medium and 10% fetal bovine serum (FBS) were purchased from
Gibco-Thermo Fisher. The antibiotic-antimycotic solution was bought
from Sigma Aldrich. 96-well, 24-well micro plates were purchased from
VWR, International, LLC. Human blood samples from healthy donors were
obtained fromHospital NélioMendonça, Funchal, Portugal (no blood was
withdrawn specifically for the studies; only the blood remaining from clin-
ical interventions was used). Human breast cancer MCF-7 and MDA-MB-
231 cell lines were purchased from DSMZ (Braunschweig, Germany). The
endocytosis specific inhibitors: chlorpromazine hydrochloride (98.0%), cy-
tochalasin D (98.0%), nigericin sodium salt (98.0%), nocodazole (99.0%),
and filipin III (85.0%) were purchased from Sigma Aldrich. Lysotracker
green DND-26 (lysosome staining agent) was received from Invitrogen-
Thermo Fisher and Hoechst 33258 (nuclear staining agent) from Sigma
Aldrich. In addition, all the other reagents and chemicals were of analyti-
cal grade and were utilized as received.

Synthesis Procedure of Chol-Dox: DOX hydrochloride (58 mg, 1 mmol)
was placed in a two-necked round bottom flask with a solution of 1 mL
dimethylsulfoxide (DMSO)/0.5 mL methanol/0.5 mL triethylamine. Then
cholesteryl chloroformate (60 mg, 1.5 mmol) in a solution of 1 mL
DMSO/1 mL tetrahydrofuran was added and the mixture was stirred for
24 h under room temperature. After the reaction was completed, the mix-
ture was concentrated, poured into 100 mL saturated NaCl solution, and
extracted with 100 mL CH2Cl2. The water layer was discarded, and the or-
ganic layer was separated and washed with saturated NaCl solution and
dried over anhydrous Na2SO4. The residue was purified by silica gel col-
umn chromatography using CHCl3/Methanol (10/1, v/v) as eluent to give
the Chol-Dox as a red solid compound (78.4 mg, yield: 83%). The molecu-
lar structure of Chol-Dox was characterized by NMR and MS (the original
profiles are shown in Figure S1, Supporting Information).

NMR, IR, and Mass Spectrometry Measurements: 1H (400 MHz) and
13C (100 MHz) NMR spectra were recorded on an Avance II+ 400 spec-
trometer (Bruker, Wissembourg, France) at 299 K (probe temperature).
The chemical shifts were reported in parts per million (ppm). Infrared (IR)
spectra were recorded on an Avatar 360 FTIR (Nicolet, ThermoScientific,
Waltham, MA, USA) in KBr pellets; only significant bands were mentioned
in the text. The mass spectra (ESI-MS) were recorded with a Micromass
LCT mass spectrometer (Waters, Milford, MA, USA).

Co-Assembly of the Chol-Dox and TPGS in Aqueous Solution: Chol-
Dox and TPGS were individually dissolved into a solution of ace-
tone/chloroform (90/10) to prepare stock solutions with the same con-
centration (1 × 10−3 m). Then a predetermined amount of Chol-Dox and
TPGS containing solutions were mixed together in 10 mL vials to obtain
volume ratios of 1:2, 1:1, 2:1, followed by the removal of organic solvents
under nitrogen atmosphere to prepare lipid thin-films. Afterward, PBS (1×)
solution was added into the vials with gentle shaking, the vials were put in
an ultrasonic water bath and then treated with ultrasound for 5 h. Finally,
the solution was filtrated through a membrane (0.22 µm) to prepare the
Chol-Dox/TPGS assemblies (1:2, 1:1, 2:1).

Hydrodynamic Diameter and Zeta Potential of the Chol-Dox/TPGS Assem-
blies: Average particle size and zeta potential of the Chol-Dox/TPGS as-
semblies were analyzed in a Malvern Zetasizer Nano ZS90 (UK) at room
temperature by DLS and electrophoretic light scattering techniques, re-
spectively. The as-prepared Chol-Dox/TPGS assembly solutions (50 µL)
were added into 1 mL pure water, and then laser light at 𝜆 = 633 nm was
employed at a fixed scattering angle of 90° for nanoparticle size analyses.

For investigating the stability of Chol-Dox/TPGS assemblies in aqueous
solution, the as-prepared assemblies were incubated with 0.1 m PBS buffer
solution for predetermined periods (0, 6, 16 days at room temperature),
and then the average particle size was analyzed by DLS.

Morphology of the Chol-Dox/TPGS Assemblies by TEM: TEM was used
to study the morphology of Chol-Dox/TPGS assemblies (1:2, 1:1, 2:1)
at room temperature. For TEM analysis, 10 µL of the as-prepared Chol-

Dox/TPGS solution samples were mounted on Formvar/carbon film-
coated mesh nickel grids (Electron Microscopy Sciences, Hatfield, PA,
USA) and left standing for 2 min. The liquid in excess was removed with
filter paper and the grids stained with 10 µL of uranyl acetate for 10 s. Vi-
sualization was carried out on a JEOL JEM 1400 TEM with an acceleration
voltage of 120 kV (Tokyo, Japan). Images were digitally recorded using a
CCD digital camera Orious 1100W Tokyo, Japan.

Cytotoxicity of the Chol-Dox/TPGS Assemblies: Breast tumor cell prolif-
eration inhibition caused by Chol-Dox/TPGS nanoassemblies was exam-
ined using MCF-7 and MDA-MB-231 cell lines by resazurin reduction as-
say. Chol-Dox, TPGS, and free DOX were used as controls. After cell seed-
ing in 96-well plates (5 × 103 cells/well) and 24 h incubation, the medium
was removed and replaced by 200 µL fresh RPMI-1640 medium supple-
mented with 10% FBS and 1% antibiotic-antimycotic solution. Then the
nanoassembly samples (Chol-Dox/TPGS 2:1, 1:1, 1:2) and control solu-
tion (in PBS) were added into the MCF-7 and MDA-MB-231 cells to get
final DOX concentrations of ≈0–10 µg mL−1. The cultures were then fur-
ther incubated at 37 °C under 5% CO2 for 24 h. For the analysis, 200 µL
of fresh supplemented RPMI-1640 medium with 0.01 mg mL−1 resazurin
was added to each well and incubated for another 4 h. The relative re-
sorufin fluorescence was measured (𝜆ex = 530 nm, 𝜆em = 590 nm) using
a Victor3 1420, PerkinElmer microplate reader. Results were presented as
relative fluorescence units (RFU) and 4 replicates were done for each sam-
ple (n = 4). Cell viability was normalized to that of cells treated with only
PBS buffer as the indicator of 100% cell viability. Relative cell viability was
calculated as follows.

Cell viability (%) = RFU(Sample) × 100%∕RFU(Control) (1)

Hemotoxicity of the Chol-Dox/TPGS Assemblies by Hemoglobin Assay:
The human blood samples were diluted to prepare a 10% blood solu-
tion in 1 × PBS (Mg2+/Ca2+ free). For the hemotoxicity assay, blood so-
lutions (10 µL) were taken into microcentrifuge tubes, and then predeter-
mined amounts of samples (Chol-Dox/TPGS assemblies) were added (in
70 µL) and incubated at 37 °C for 3 h. Hemotoxicity effect of the TPGS,
Chol-Dox, and free Dox was also analyzed, using distilled water as the
positive control and 1 × PBS (70 µL) as the negative control. Then the
tubes were centrifuged at 3800 rpm for 5 min. 40 µL of each supernatant
were transferred into 96-well plates and 160 µL of cyanmethemoglobin
reagent was added. This reagent was prepared with 50 mg potassium
ferricyanide, 12.5 mg potassium cyanide, 35 mg potassium dihydrogen
phosphate, and 250 µL Triton-X in 250 mL of distilled water (in an am-
ber bottle), and its pH was adjusted to 7.4. The total concentration of
hemoglobin in the original blood was determined using a 250-fold dilu-
tion of blood in cyanmethemoglobin reagent, followed by filtration with a
low-binding, low-release membrane filter (0.22 µm PVDF filter, Millipore).
The absorbance at 540 nmwasmeasured in themicroplate reader (Victor3

1420, PerkinElmer).
Intracellular Uptake of the Chol-Dox/TPGS Nanoassemblies Measured by

Flow Cytometry: To evaluate intracellular uptake mechanism of the Chol-
Dox/TPGS nanoassemblies in MCF-7 and MDA-MB-231 cell lines, first,
cells were seeded into 48-well plates (1.5 × 105 cells/well), cultivated
overnight in supplemented RPMI-1640 medium, and then incubated with
the Chol-Dox/TPGS nanoassemblies (the absolute DOX concentration
was set as 10 µg mL−1) for 4 h, using the Chol-Dox as the control. The
MCF-7 and MDA-MB-231 cells were then individually washed with 0.1 m
PBS for three times. After trypsinization (EDTA-trypsin 0.25%), the pro-
cess was followed by centrifugation at 2000 rpm for 8 min to harvest the
cell pellets. Then, the harvested cell pellets were resuspended in 0.1 m
PBS and put into 96-well plates, and then fluorescence intensity was mea-
sured using a flow cytometer (NovoCyte, ACEA Biosciences, Inc.). Here,
MCF-7 and MDA-MB-231 cells (counts: 10 000 cells) were gated by side-
ward scatter versus forward scatter (SSC/FSC) plots, and fluorescence
measurements were conducted in the PE channel (572 nm). Relative flu-
orescence intensity (cellular uptake efficiency) was normalized to that of
cells with Chol-Dox as the indicator of 100% cellular uptake. In each case
(Chol-Dox/TPGS nanoassemblies and the controls), the measurements
were performed with three replicates (n = 3).
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Endocytosis Assay of the Chol-Dox/TPGS Nanoassemblies with Various
Endocytosis Inhibitors[39]: The cell lines were seeded in 24-well plates (5
× 105 cells/well) and incubated in culture medium (RPMI-1640 medium,
with 10% FBS and 1% antibiotic-antimycotic solution) at 37 °C with 5%
CO2 for 24 h. The endocytosis-specific inhibitors (including: chlorpro-
mazine (CPZ, clathrin-mediated endocytosis pathway inhibitor, 3.0 µg
mL−1), cytochalasin D (CYTO, macropinocytosis and phagocytosis path-
way inhibitor, 2.3 µg mL−1), nocodazole (NOCO, microtubule-assisted
phagocytosis inhibitor, 2.0 µg mL−1), filipin (FILI, lipid-raft pathway
inhibitor, 10.0 µg mL−1) and nigericin (NIGE, lysosome acidification
inhibitor) were separately added into the MCF-7 and MDA-MB-231 cells
and further incubated for 1 h.[39] Thereafter, the medium was replaced
with fresh serum-free culture medium, and a predetermined volume of
samples (Chol-Dox/TPGS assemblies, TPGS, Chol-Dox, and free Dox,
10 µg mL−1, 70 µL) was added. Cells were further incubated at 37 °C
for 4 h, then washed with 0.1 m PBS for three times and followed by
trypsinization (EDTA-trypsin 0.25%). Afterward, centrifugation was done
at 2000 rpm for 8 min to harvest the cell pellets. The harvested cell pellets
were resuspended in 0.1 m PBS and put into 96-well plates, the fluores-
cence intensities were measured by flow cytometer (NovoCyte, ACEA
Biosciences, Inc.). Here, MCF-7 and MDA-MB-231 cells (counts: 10 000
cells) were gated by SSC/FSC plots, and fluorescence measurements were
conducted in the PE channel (572/28 nm). Relative fluorescence intensity
(cellular uptake efficiency) was normalized to that of cells with Chol-Dox
as the indicator of 100% cellular uptake. Each sample and control were
measured with three replicates (n = 3).

Intracellular Localization of the Chol-Dox/TPGS Nanoassemblies: MCF-
7 and MDA-MB-231 cell lines were seeded into 24-well microplates (5
× 105 cells/well in 1 mL RPMI-1640 medium with 10% FBS and 1%
antibiotic-antimycotic solution) and incubated at 37 °C under 5% CO2
for 24 h. Then the as-prepared Chol-Dox/TPGS nanoassemblies, TPGS,
Chol-Dox, and free Dox solutions (Chol-Dox/TPGS assemblies, Chol-Dox,
and free Dox were set as 10 µg mL−1 of Dox, 70 µL) were added into
each well and incubated for 4 h. Thereafter, Hoechst 33258 (for cell nuclei
staining, 50 µg per well) and Lysotracker (for lysosome staining, 150 µg
per well) were added and incubated for 30 min to stain the cell nuclei
and lysosome. Finally, the MCF-7 and MDA-MB-231 cells were washed
with PBS for three times and the fluorescent images were recorded by
fluorescence microscopy (Nikon Eclipse TE 2000E).
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the author.
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