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ARTICLE INFO ABSTRACT

Keywords: pH-sensitive liposomes are interesting carriers for drug-delivery, undertaking rapid bilayer destabilization in
pH-sensitive liposomes response to pH changes, allied to tumor accumulation, a desirable behavior in the treatment of cancer cells.
Doxorubicin

Previously, we have shown that pH-sensitive liposomes accumulate in tumor tissues of mice, in which an acidic
environment accelerates drug delivery. Ultimately, these formulations can be internalized by tumor cells and
take the endosome-lysosomal route. However, the mechanism of doxorubicin release and intracellular traffic of
pH-sensitive liposomes remains unclear. To investigate the molecular mechanisms underlying the intracellular
release of doxorubicin from pH-sensitive liposomes, we followed HeLa cells viability, internalization, intracel-
lular trafficking, and doxorubicin’s intracellular delivery mechanisms from pH-sensitive (SpHL-DOX) and non-
pH-sensitive (nSpHL-DOX) formulations. We found that SpHL-DOX has faster internalization kinetics and
intracellular release of doxorubicin, followed by strong nuclear accumulation compared to nSpHL-DOX. The
increased nuclear accumulation led to the activation of cleaved caspase-3, which efficiently induced apoptosis.
Remarkably, we found that chloroquine and E64d enhanced the cytotoxicity of SpHL-DOX. This knowledge is
paramount to improve the efficiency of pH-sensitive liposomes or to be used as a rational strategy for developing
new formulations to be applied in vivo.

Drug delivery system
Intracellular release

1. Introduction

Nanomedicine employs nanotechnology to prospect for innovative
therapeutic tools based on the exclusive properties and performance of
nanomaterials. Drug delivery systems (DDS) can change the pharma-
cokinetics of therapeutics commonly used in medicine, aiming to pro-
mote their accumulation in the tumor environment [1]. At least 1055
nanomedicine products have been released to the market [2]; among
them, 139 products have been approved by the U.S. Food and Drug

Administration (FDA) [3]. Although many of these products aim to treat
cancer, multiple barriers prevent the translation of research into the
clinic, such as specific delivery into target cells, appropriate intracellular
trafficking, and processing [4]. Thus, the application of nanomaterials in
medicine requires understanding the mechanisms of intracellular traf-
ficking of DDS into cells.

Among the nanomaterials applied in medicine, liposomes have been
widely used due to their capacity to carry both hydrophilic and hydro-
phobic drugs, and their membrane-like structure that enhances cell
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affinity and uptake [5]. The PEGylated liposome formulation Doxil®
was the first nanomedicine to reach the market in 1995, carrying
doxorubicin hydrochloride to treat ovarian cancer and AIDS-related
Kaposi’s sarcoma cells. Among its clinical improvements, Doxil® leads
to a significant reduction of doxorubicin cardiotoxicity and promotes
higher drug accumulation inside the tumor [6]. Doxorubicin is effective
against many types of solid tumors, and it acts through inhibition of
topoisomerase II, preventing DNA replication and inducing apoptosis
[7]. As a free drug, doxorubicin accumulates into the cells via passive
diffusion, and from its low specificity to cancer cells emerges side effects
such as cardiotoxicity, myelosuppression, and mucositis [8]. In contrast,
liposomes enter the cells via endocytosis-mediated cellular uptake,
providing more specific delivery to tumors [5]. Also, the use of lipo-
somes coated with polyethylene glycol (PEG) prevents its opsonization
and subsequent recognition by the reticuloendothelial system,
enhancing the circulation and probability to reach the target [9,10].
Therefore, the rational improvement of anticancer therapy will benefit
from the detailed knowledge of the interactions between liposomal
formulations and cell environment.

One strategy to improve the therapeutic specificity and controlled
delivery of drugs is the development of pH-sensitive liposomes (SpHL).
This formulation takes advantage of lipid polymorphisms, for example,
using protonatable amphiphiles such as cholesteryl hemisuccinate
(CHEMY) to stabilize phosphatidylethanolamine (PE) bilayers at physi-
ological pH (~ 7.4). After being internalized by the cells, liposomes take
the endocytic route, which travels from early to late endosomes, even-
tually reaching the lysosomes [11,12]. The drop of intraluminal pH
marks this process, and upon acidification within the vesicles, both
CHEMS and PE head group protonates and adopt non-lamellar phases
such as the hexagonal (Hy;) one, decreasing the stability of the vesicles
that become fusogenic, leading to cytoplasmic leakage of its content
[12]. Although most of the data from biochemical assays, including
ours, are consistent with this model, a few discrepancies are found when
tested in vitro. Researches show that some SpHL formulations, composed
of DOPE/CHEMS, have a high extent of cell association but low intra-
luminal pH sensitivity [12]. However, the mechanistic understanding
behind intracellular drug release from pH-sensitive liposomes remains
unclear. Given the importance of this mechanism for the rational
development of more efficient formulations, it is paramount to investi-
gate how these processes drive intracellular drug delivery.

In a previous work, we demonstrated that SpHL carrying doxorubicin
(SpHL-DOX) accumulates in mice-breast tumor four times more than
non-sensitive pH liposomes (nSpHL-DOX) [13], and that the systemic
toxicity of SpHL-DOX was lower than that of free doxorubicin and
nSpHL-DOX [14]. Hence, we asked the question, what is the mechanism
underlying the intracellular delivery of doxorubicin encapsulated in
pH-sensitive liposomes (SpHL-DOX)? To answer this question, we
investigated in detail of doxorubicin release from pH-sensitive lipo-
somes using cervical cancer HelLa cells, and the behavior of free doxo-
rubicin (free-DOX) and non-pH-sensitive liposomes containing
doxorubicin (nSpHL-DOX) were noted for comparison. We started per-
forming the physicochemical characterization of control liposomes
prepared without doxorubicin (SpHL and nSpHL) and formulations
containing doxorubicin (SpHL-DOX and nSpHL-DOX). Next, we deter-
mined the viability, internalization, intracellular trafficking, and intra-
cellular delivery mechanisms of these formulations and free-DOX.
Finally, we investigated the cell death mechanism triggered by DOX
encapsulated or not. Understanding the intracellular trafficking and
release mechanisms of these formulations is fundamental to improve
their therapeutic efficiency.
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2. Materials and methods
2.1. Liposome preparation

DOX was purchased from 141 ACIC Chemicals (Brantford, Ontario,
Canada). Dioleylphosphatidylethanolamine (DOPE), hydrogenated soy
phosphatidylcholine (HSPC), and distearoyl-phosphatidylethanol
aminepolyethilenglycol2000 (DSPE-PEG2000) were purchased from
the Lipoid GmbH (Ludwigshafen, Germany). Cholesteryl hemisuccinate
(CHEMS) and cholesterol (CHOL), 4-(2-Hydroxyethyl)piperazine-1-
ethanesulfonic acid (HEPES) salt and ammonium sulphate were supplied
by Sigma-Aldrich (St. Louis, USA). Sodium chloride (NaCl) and sodium
hydroxide (NaOH) were obtained from Merck (Kenilworth, USA). Poli-
carbonate membranes were purchased from Millipore (Billerica, USA).
All other chemicals and reagents were used in analytical grade.

Liposomes were prepared according to the lipid film hydration
method previously described by our research group (Silva et al., 2018).
Briefly, aliquots of DOPE, CHEMS, and DSPE-PEG2000 or HSPC, CHOL,
and DSPE-PEG2000 (5.8: 3.7: 0.5 molar ratio, at 20 mmol L-1 lipid
concentration) were transferred to a flask in order to obtain a thin lipid
film. NaOH aqueous solution aliquot (equimolar to CHEMS concentra-
tion) was added into the flasks containing SpHL thin lipid film in order to
promote CHEMS ionization. Then, the flasks were hydrated with
ammonium sulphate solution (300 mmol L-1) to form the SpHL or
nSpHL. Liposomes size homogenization was performed by extrusion
using the Lipex Biomembranes extruder, Model TO01 (Vancouver,
Canada). After that, ammonium sulphate in the external medium was
removed by ultracentrifugation (ultracentrifuge Optima® L-80XP,
Beckman Coulter, USA) and 2 mg/mL of DOX was added in SpHL or
nSpHL dispersion to remote encapsulation. The non-encapsulated DOX
was also removed by ultracentrifugation.

2.2. Cell culture

Hela cancer cells were grown in 25 or 75 cm? culture flasks with
DMEM culture medium (Dulbecco’s Modified Eagle Medium — Lonza),
supplemented with 10 % fetal bovine serum (FBS) (Gibco, Brazil) and 1
% of PenStrep antibiotic (Gibco, Brazil), herein referred as complete
medium. During the whole course of experiments, the cells were
maintained at 37 °C, with a 5% CO, atmosphere in a Panasonic COM-
170AICUVL-PA incubator.

2.3. Cell viability with resazurin assay

To evaluate cell viability in the presence of the formulations, HeLa
cells (10* cells/well) were plated in 96-well plates and incubated for
24 h. After, cells were treated with free-DOX, nSpHL, SpHL, SpHL-DOX,
or nSpHL-DOX diluted in serum- and antibiotic-free DMEM medium,
and incubated for 6 h, 12 h, or 24 h. Next, the medium was replaced by
100 pL of resazurin (0.015 mg/mL Sigma-Aldrich) diluted in serum and
antibiotic-free DMEM medium and incubated for 3 h. Finally, resazurin
fluorescence (Aex/em = 560/590 nm) was measured using Cytation 5
Hybrid Multidetection Reader (BioTek Instruments, Inc., Winooski, VT,
USA).

2.4. Internalization kinetics

To follow the internalization kinetics of the formulations, HeLa cells
(10° cells/well) were plated in 12-well plates and incubated for 24 h.
The cells were treated with the formulations at their respective ICsg
concentrations, determined by dose-titration experiments using the
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resazurin assay and different times of incubation: 5 min, 15 min,
30 min, 45 min, 1 h, 2h, 4 h, and 6 h. Subsequently, trypsinized cells
were suspended in PBS and analyzed using a FACS Calibur flow cy-
tometer (FACS / Calibur, Becton Dickinson, Mansfield, MA) with an
argon ion laser (Aex/em = 488/575 nm / FLH2 channel). The percentage
of DOXO-positive cells and the arithmetic means of fluorescence in-
tensities were analyzed using FlowJo™ Software.

2.5. Internalization kinetics in the presence of endocytosis inhibitors

To evaluate the internalization kinetics of the formulations in the
presence of endocytosis inhibitors, HeLa cells (10° cells/well) were
plated in 12-well plates and incubated for 24 h. The cells were pre-
treated with the endocytosis inhibitors chlorpromazine (10 pM Sigma-
Aldrich), Filipin III (20 pM Sigma-Aldrich), and Wortmannin (100 nM
Cayman Chemical) for 30 min. Immediately after, cells were treated
with the formulations at the respective ICsy concentrations, in the
presence of the inhibitors, and incubated for 30 min, 1 h, 4 h, and 6 h.
The samples were read and analyzed using a FACS Calibur flow cy-
tometer, as described in the previous (1.3) section.

2.6. Cell viability in the presence of endocytosis inhibitors

To establish the contribution of endocytic pathways to the cytotox-
icity of the formulations, HeLa cells (10* cells/well) were plated in 96-
well plates and incubated for 24 h. Cells were pretreated for 30 min
with predetermined concentrations of inhibitors: chlorpromazine (10
pM), Filipin III (20 pM), and Wortmannin (100 nM). After 30 min, cells
were treated with ICsg concentration of each formulation for 6 h and,
following the treatment, the medium was replaced by complete me-
dium. After 24 h, cell viability was assessed by resazurin assay as
described in section 1.2.

2.7. Intracellular distribution of doxorubicin

To evaluate the intracellular release and intracellular distribution of
doxorubicin, HeLa cells (10° cells/well) were plated in 12-well plates
and incubated for 24 h. Cells were treated with the ICsq concentration of
each formulation for 6 h, 12 h, and 24 h. After each time point, cells
were fixed with paraformaldehyde 4% for 20 min at RT and per-
meabilized with 0.5 % Triton X-100 for 20 min at RT. Nucleus was
counterstained with 1 pg/mL of DAPI (4’, 6 diamidino-2-phenylindol,
Enzo Life Sciences). Finally, the coverslips were washed thrice with
PBS and mounted onto slides with Faramount™ aqueous mounting
medium (DAKO, Glostrup, Denmark). Images were acquired using the
Leica TCS SP5 II confocal microscope, with 63x objective, 1.0 Airy.
Doxorubicin fluorescence (Aex/em = 480/585 nm) was used to image its
intracellular distribution. After acquisition, doxorubicin nuclear accu-
mulation was measured by nucleus integrated intensity using a pipeline
in CellProfiler 3.0 [15].

2.8. Cell viability in the presence of acidification inhibitors

To understand the contribution of intraluminal acidification to the
cytotoxicity of the formulations, HeLa cells (104 cells/well) were plated
in 96-well plates and incubated for 24 h. Cells were pre-incubated for
30 min with chloroquine (20 pM, Sigma-Aldrich), bafilomycin (0.5 uM,
Cayman Chemical), and 3-Methyladenine (2.5 mM, Sigma-Aldrich).
After incubation, HeLa cells were treated with the ICsy concentration
of each formulation for 4 h; then, the medium was replaced by complete
medium. After 20 h, cell viability was assessed by resazurin assay, as
described in the previous (1.2) section.
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2.9. Doxorubicin nuclear accumulation and cell viability in the presence
of E64d inhibitor

2.9.1. Doxorubicin intensity

To evaluate the nuclear accumulation of doxorubicin after treatment
with E64d, HeLa cells (10° cells/well) were plated in 12-well plates and
incubated for 24 h. Cells were pre-incubated for 30 min with E64d in-
hibitor at 10 pM (Sigma-Aldrich). Next, cells were treated with the ICsg
concentration of each formulation for 6 h, and the treatment was
replaced by a complete medium. After 18 h, cells were fixed with 4%
paraformaldehyde, permeabilized, and nuclei were counterstained with
1 pg/mL of DAPI (Enzo Life Sciences). Finally, the coverslips were
washed thrice with PBS and mounted onto slides with Faramount™
aqueous mounting medium (DAKO, Glostrup, Denmark). Images were
acquired using the Leica TCS SP5 II confocal microscope, with 63x
objective, 1.0 Airy. Doxorubicin fluorescence (Aex/em = 480/585 nm)
was used to image its intracellular distribution using an Argon laser of
488 nm. After acquisition, data were analyzed as described in section
1.6.

2.9.2. Cell viability

To understand the contribution of lysosome proteases to the cyto-
toxicity of the formulations, HeLa cells (10* cells/well) were plated in
96-well plates and grown at the incubator in complete media for 24 h.
Cells were pre-incubated for 30 min with E64d inhibitor at 10 pM
(Sigma-Aldrich) prior to treatment with each formulation (ICs5¢ con-
centration) in serum- and antibiotic-free medium. After 6 h, the treat-
ment was replaced by a complete medium. After 18 h, viability was
assessed by resazurin assay, as described in the previous (1.2) section.

2.10. Cleaved caspases-3 in HeLa cells after treatment by formulations

To assess cleaved caspases-3 activation by the formulations, HeLa
cells (10° cells/well) were plated on glass coverslips, placed in 12-well
plates and grown in complete medium for 24 h. Then, the cells were
treated with either free-DOX, SpHL-DOX, or nSpHL-DOX at their
respective ICsy concentrations for 6 h, 12 h, and 24 h in serum- and
antibiotic-free medium. Following the treatments, cells were washed
with PBS and fixed with 4% paraformaldehyde for 15 min at 37 °C and
permeabilized with 0.1 % Triton X-100 for 5 min at room temperature.
Next, cells were washed with PBS and blocked with 10 % FBS in PBS
solution for 10 min at room temperature. Subsequently, the coverslips
were inverted onto 30 pL drops containing a 1:200 dilution of the
cleaved caspase-3 (Aspl75) anti-rabbit mAb (Rabbit mAb - Cell
Signaling) antibody, for 60 min at 37 °C in a humid chamber. Following
incubation, coverslips were washed thrice in blocking solution and
incubated with the secondary antibody Alexa Fluor® 647 anti-rabbit IgG
(ThermoFisher Scientific, Molecular Probes, Oregon, USA) and nuclei
were counterstained with 1 pg/mL of DAPI (Enzo Life Sciences) for
30 min in a humid chamber. Finally, the coverslips were washed thrice
with PBS and mounted onto slides with Faramount™ aqueous mounting
medium (DAKO, Glostrup, Denmark). Images were acquired using the
confocal microscope Leica TCS SP5 II with 63x objective, 1.0 Airy. After
acquisition, the cell integrated intensities of cleaved caspases-3 were
analyzed with a pipeline in CellProfiler 3.0 [15].

2.11. Statistical analysis

Graphs were plotted using Graph Pad Prism 7.0 Softwares (EUA)
where data are represented by the mean =+ standard deviation (SD) from
three independent experiments carried out in triplicate. Statistical sig-
nificance was considered when p < 0.05. All analyses were subjected to
analysis of variance (Two-way ANOVA), followed by Tukey’s post-test
for analysis of three or more groups, and followed by the Dunnet post-
test to compare the different groups with the control group.
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3. Results

We started determining the inter-batch variation in the liposomal
preparation; the formulations used in this study were characterized ac-
cording to their physicochemical characterization, pH-sensitivity, frac-
tion of liposomes using liquid chromatography by asymmetric field-flow
fractionation (AF4) and liposomes morphology by transmission electron
microscopy (TEM). The results (supporting information Table S1 and
Figure S1) agree with those obtained by our group in previous studies
[13,14].

3.1. Viability of HeLa cells exposed to liposomal formulations: nSpHL and
SpHL

The low inter-batch variations enable us to proceed with in vitro
studies. We started incubating HeLa cells with control liposomes (nSpHL
and SpHL) to test whether they have any cytotoxicity. We first evaluated
the viability of cells incubated with nSpHL and SpHL (from 0.001 pM to
100 pM) using MTT assay, but we observed viability values around 200
%, which could indicate some interference (supporting information
Figure S2A). Liposomal interference in MTT assay might result in an
apparent increase of cell viability, because control liposomes themselves
may enhance the storage of formazan in cells [16]. Therefore, we
decided to assess cell viability by resazurin assay and calcein-AM fluo-
rescence (supporting information, Figure S2B), which showed no
interference and revealed that the viability of HeLa cells was unaffected
by control liposomes (Fig. 1A) within 24 h. This result rules out the
influence of liposomes in the cytotoxicity of formulations containing
doxorubicin (i.e., SpHL-DOX and nSpHL-DOX).

Thus, we proceeded to determine the viability of HeLa cells treated
with liposomal formulations containing doxorubicin (nSpHL-DOX and
SpHL-DOX). For purposes of comparison, we also evaluated the response
of the cells to free-DOX. Fig. 1B and supporting information (Fig. 1C)
show that SpHL-DOX and free-DOX have comparable cytotoxicity (free-
DOX ICsp = 3.2 &+ 1.3 pM and SpHL-DOX IC5¢ = 2.1 + 0.2 pM), in good
agreement with the literature [17,18]. Conversely, nSpHL-DOX was less
cytotoxic, with an approximately 13 times higher (p < 0.05) ICsg
(27.7 + 9.6 pM). Next, we evaluated cell viability over time after 6 h,
12 h, and 24 h of treatment; we observed that treatments of 6 hand 12 h
were not capable of reducing cell viability (no statistical significance of
SpHL-DOX and nSpHL-DOX against non-treated cells p < 0.05). In
contrast, after 24 h, we observed a 50 % reduction in cell viability
(Fig. 1C), reaching the ICsg observed in the early experiments (Fig. 1B).
This result demonstrates that 24 h exposure is required to obtain the
cytotoxic effect for free-DOX and liposomal formulations containing
DOX. Because we were interested in revealing the underlying
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mechanism in liposomal delivery and cell death, subsequent experi-
ments were only performed within 24 h.

3.2. Mechanism of internalization and intracellular release of liposomal
formulations: nSpHL and SpHL

To investigate the intracellular delivery of doxorubicin by each
formulation, we first evaluated the internalization kinetics of the for-
mulations (nSpHL-DOX and SpHL-DOX) following the fluorescence of
doxorubicin (Aex/em = 470/595 nm) [19]. To compare how each
formulation delivered doxorubicin into the cells, we used the same
doxorubicin concentration for all formulations, i.e., the ICsg of free-DOX
(3.22 pM). The internalization (from 5 min up to 6 h) assessed by flow
cytometry showed a similar pattern with free-DOX and SpHL-DOX: after
1 h, nearly 100 % of HeLa cells internalized free-DOX and SpHL-DOX
(no statistical difference at any time, p > 0.05). Meanwhile,
nSpHL-DOX required 4 h to reach similar internalizations levels (sta-
tistical differences against free-DOX and SpHL-DOX in 1 h, p < 0.05)
(Fig. 2A). We also calculated the total fluorescence intensity by multi-
plying the number of positive cells for doxorubicin times the mean
fluorescence of doxorubicin [20], a parameter that is proportional to the
number of doxorubicin molecules in each positive cell. However, this
fluorescent measurement does not consider effects such as fluorescence
quenching or enhancement caused by the chemical environment (e.g.,
DNA binding or self-quenching within the endosomes), thereby it should
be interpreted with caution. Nonetheless, this result indicates that even
if the same number of cells internalizes free-DOX and SpHL-DOX at 1 h
(Fig. 2A), the number of molecules of DOX in free-DOX treated cells
is > SpHL > nSpHL-DOX (supporting information Figure S3A). The
statistical difference in fluorescence intensity was detected only after
4 h, but free-DOX granted higher fluorescence intensity than the other
formulations at this time. To observe if the difference in formulation
kinetics was related to the endocytic route, we then studied the endo-
cytic route followed by each formulation.

Pharmacological inhibitors were used to help identify the predomi-
nant endocytic pathway for liposomal internalization. The concentra-
tion used for each inhibitor was based on the literature, and we tried to
minimize their interference in cellular metabolism assessing their
cytotoxicity (supporting information Figure S3B). Having determined
the ideal inhibitors concentrations, we evaluated the internalization of
the formulations by HeLa cells in the presence of inhibitors using flow
cytometry. Cells were pretreated with the endocytosis inhibitors for
30 min and then exposed to the formulations ICs for 4 h. As shown in
Fig. 2B, none of the inhibitors were capable of reducing the percentage
of internalization after 4 h exposure. Small molecules such as free-DOX
are expected to enter the cells via passive diffusion [21]; thus no major
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Fig. 1. Viability of HeLa cells treated with free doxorubicin and liposomal formulations in the presence or absence of doxorubicin. (A) Cytotoxicity of empty
liposomal formulations containing doxorubicin towards HeLa cancer cells. The cells were treated with non-pH sensitive (nSpHL) and pH-sensitive (SpHL) liposomes
diluted in HEPES, in concentrations of 35 pM; 70 pM; 140 pM and 280 puM (lipid concentration). Cell viability was assessed by the resazurin assay. (B) The cells were
treated with free-DOX, non-pH-sensitive liposomes (nSpHL-DOX) and pH-sensitive liposomes (SpHL-DOX) both containing doxorubicin and diluted in HEPES, in
concentrations of 0.001 pM; 0.05 pM; 1 uM and 100 pM (doxorubicin concentration). (C) Cytotoxicity using the ICsy concentrations of doxorubicin treatments at
times 6, 12, and 24 h. The cells were treated with nSpHL-DOX and SpHL-DOX, with the ICso concentration of each formulation. Results are expressed as a mean-
+ standard deviation of three independent experiments (n = 3). Statistical analysis was performed using the Two-Way ANOVA test and multiple comparisons using
Tukey’s Test. * Significance level p < 0.05.
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Fig. 2. Effects of formulations on internalization kinetics and endocytosis inhibitors. (A) Internalization kinetics of different formulations over time in HeLa cells. The
cells were treated with free-DOX, nSpHL-DOX, and SpHL-DOX for 5 min, 15 min, 30 min, 45 min, 1 h, 2 h, 4 h, and 6 h, and the fluorescence intensity was assessed
by flow cytometry. (B) Percentage of internalization of doxorubicin in HeLa cells in the presence of endocytosis inhibitors. The cells were pretreated with the in-
hibitors (10 pM CPZ, 20 pM FIP and 100 nM WRT) for 30 min, treated with formulations for 4 h and then assessed by flow cytometry. (C) Cell viability of HeLa cells
treated with formulations in the presence of endocytosis inhibitors. The cells were pretreated with the inhibitors (10 pM CPZ, 20 pM FIP and 100 nM WRT) for
30 min, and treated with formulations for 6 h, after the incubation time the inhibitors were removed, and the medium was added until 24 h of experiment. Cell
viability was assessed by the resazurin assay. Results expressed as mean =+ standard deviation of three independent experiments (n = 3). Statistical analysis was
performed using the Two-Way ANOVA test and multiple comparisons using Tukey’s Test. Significance level *p < 0.05.

inhibition was expected. In contrast, the internalization of liposomes is
more likely to occur via endocytosis and converge to the
endosome-lysosome route [22,23]. Three hypotheses can explain our
results: first, the formulations are internalized by unidentified routes, or
second, these cells have compensatory mechanisms, activating one
endocytic pathway when another is inhibited, explaining why there is no
difference in internalization when one of the endocytic pathways is
inhibited [22,24]. Third, the leakage of doxorubicin from liposomes
would allow it to freely enter into the cells without being affected by the
pharmacological inhibitors.

As the inhibition of endocytosis had no impact on doxorubicin
accumulation in HelLa cells, we sought to investigate whether the dif-
ference in the endocytic pathway exerted any effect in the cytotoxicity of
the formulations. Hence, cells were pretreated with endocytosis in-
hibitors CPZ, FIP, and WRT, and viability was evaluated after treatment
with the respective ICsg of free-DOX, SpHL-DOX, or nSpHL-DOX. As
observed for internalization, the inhibitors were incapable of decreasing
formulations cytotoxicity (no statistical difference, p < 0.05) (Fig. 2C).
Different experimental approaches were attempted, but the same results
were observed (data not shown). This result indicates that disregarding
the endocytic pathways, doxorubicin intracellular accumulation and
ultimately its toxicity are inevitable.

After observing that the routes of entry did not explain the differ-
ences in the cytotoxicity profile, we investigated how the internalization
profile impacted the kinetics of intracellular release of DOX by the

formulations. Hence, we treated HeLa cells using the same amount of
doxorubicin (ICsg of free-DOX) for all the formulations (nSpHL-DOX and
SpHL-DOX) to be able to compare the fluorescence intensity among
treatments. We evaluated the nuclei accumulation of doxorubicin after
6 h, 12 h, and 24 h using confocal microscopy [25]. After 6 h, free-DOX
was already accumulated in the nuclei, as expected for a drug that enters
the cell via passive diffusion. Interestingly, SpHL-DOX led to higher
nuclear accumulation of doxorubicin than free-DOX at 6 h (statistical
difference III, p < 0.05). As demonstrated in internalization studies,
nSpHL-DOX led to lower accumulation of doxorubicin and the fluores-
cence signal was similarly distributed throughout the first 12 h, leading
to a minor accumulation of doxorubicin only after 24 h (Fig. 3). These
results suggest SpHL-DOX has a faster intracellular release when
compared to nSpHL-DOX but promoted sustained release if compared to
free-DOX. DOPE-based liposomes are more avidly internalized by cells,
in particular when using the DOPE/CHEMS blend. The low degree of
hydration of the DOPE together with the small head group of CHEMS
result in a loosely packed bilayer, which is claimed to favor the inter-
action with the cell membrane, thereby facilitating internalization [26,
27].

3.3. Intracellular trafficking: the effect of intraluminal pH in the release of
doxorubicin

Acidification inhibitors were used to help identify the role of
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Fig. 3. Intracellular delivery of doxorubicin measured by its nuclear accumulation in HeLa cells. The cells were treated with the ICso (3.22 pM) of free-DOX for all
formulations in order of comparison. After the 24 h, the coverslips were fixed and, subsequently, the images were acquired with a 63x objective using confocal
microscopy. Integrated intensity in the nuclei is reported for 6 h, 12 h, and 24 h. Results expressed as median =+ standard deviation of three independent experiments
(n = 3). Statistical analysis was performed using the Two-Way ANOVA test and multiple comparisons using the Tukey’s Test. Significance level *p < 0.05, where (i)
significant difference between free-DOX and nSpHL-DOX; (ii) significant difference between SpHL-DOX and nSpHL-DOX; and (iii) significant difference between free-

DOX and SpHL-DOX. Scale bar = 100 pm.

intraluminal pH in the release of doxorubicin from the liposomal for-
mulations. The concentration of each inhibitor used was based on the
literature, and before using them, we have determined their cytotoxicity
and effectiveness in inhibiting lysosomal acidification (supporting in-
formation Figure S4). To understand the contribution of vesicle acidi-
fication to the release of DOX, we pretreated the cells with the inhibitors
for 4 h, and then the cells were treated with the ICsy concentration of
each formulation, free-DOX, SpHL-DOX, and nSpHL-DOX for 24 h. 3-MA
and BAF did not affect the toxicity profile of the formulations, while CLQ
increased the cytotoxicity of SpHL-DOX (Fig. 4A).

Proteases such as cathepsins are essential to the appropriate function
of the lysosome route and autolysosome formation, which in turn is
essential to cellular homeostasis [28]. To test whether lysosomal pro-
teases were coupled to the SpHL-DOX increase in cytotoxicity, we used
the E64d membrane-permeable inhibitor, which inhibits cathepsins B,
H, and L, and leads to impairment of autophagy [29]. We pretreated the
cells with E64d followed by 6 h treatment with free-DOX and liposomal
formulations. We observed that the integrated intensity of DOX in the
nuclei was enhanced for free-DOX and SpHL-DOX when cells are pre-
treated with E64d, but not for nSpHL (Fig. 4B). This result reveals that
when cathepsins in the lysosome are inhibited, free-DOX and SpHL-DOX
have their release, and subsequently, nuclear accumulation increased.
This increase reflected in cell viability: doxorubicin cytotoxicity was
increased in the presence of E64d. The effect was about 1.4 times higher
for free-DOX, 2.5 times for nSpHL-DOX, and 6.5 times for SpHL-DOX
(Fig. 4C), being particularly important for SpHL-DOX. One hypothesis
is that a percentage of SpHL-DOX, in the absence of the inhibitor, is

entrapped in the lysosome, and perturbations in the lysosome may
enhance the release of DOX and consequently its cytotoxicity. Another
hypothesis is that SpHL releases DOX prior to lysosomal acidification at
the endosome stage, but further investigations would be necessary to
identify the role of autophagy in this process.

3.4. Caspase-3 induced-apoptosis in HeLa cells by release of DOX

Doxorubicin is known for triggering cell death through activation of
caspases and subsequent apoptosis [30]. Caspase-3 catalyzes the cleav-
age of cellular proteins to activate the apoptotic program, and its acti-
vation may be dependent on cytochrome c release and caspase-9,
leading to caspases-3 cleavage [31]. Given the different profiles in the
intracellular release of doxorubicin, we sought to confirm the positive
correlation between the nuclear accumulation of doxorubicin and the
activation of caspases-3 by our formulations. Cells were treated with the
formulations for 6 h, 12 h and 24 h using the ICs of free-DOX, and
immunostained for cleaved caspase-3. The intensity of cleaved
caspases-3 from confocal images was analyzed by the single-cell method
using CellProfiler [15], which brought robustness to the results. Our
results confirmed that after 6 h and 12 h, free-DOX treated cells had
higher integrated intensity of the protein than SpHL-DOX and
nSpHL-DOX (statistical difference, p < 0.05); this activation decreased
after 24 h. At 12 h a mild activation of cleaved caspase-3 by nSpHL-DOX
was observed, which was absent after 24 h. Interestingly, SpHL-DOX
activated cleaved caspase-3 after 12 h, and this activation was still at
high levels after 24 h. Both formulations, free-DOX and SpHL-DOX,
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Fig. 4. Acidic vesicles inhibitors and effects of formulations carrying doxorubicin. (A) Cell viability of HeLa cells in the presence of endosomal acidification inhibitors
2.5 mM 3-MA, 0.5 pM BAF, and 20 pM CLQ. The cells were incubated for 4 h. After the incubation, inhibitors were removed, and the medium was added, until
completing 24 h. After 24 h, viability was assessed by the resazurin assay. The control group without inhibitor was considered as 100 % of the cells in cell viability.
(B) Pretreatment with E-64d for 30 min, and then cells were treated for 6 h with the formulations. Then, single-cell analysis with CellProfiler analyzed the integrated
intensity of DOX in the nuclei. (C) Cell viability after pretreatment with E-64d during 30 min, and then cells were treated for 6 h with the formulations. After the
incubation, E64d was removed, and the medium was added, until completing 24 h. Then, cell viability was assessed with resazurin assay. For statistical analysis in
(B), was performed using One-Way ANOVA test followed by Tukey’s test; (i) significant difference between free-DOX and free-DOX + E64d and (ii) SpHL-DOX and
SpHL-DOX + E64d. For the analysis in (C), each formulation without E64d was considered 100 %. All treatments were compared with E64d 10 uM; ** nSpHL-
DOX + E64d vs E64d and *** SpHL-DOX + E64d vs E64d. Results expressed as mean =+ standard deviation of three independent experiments (n = 3). Statistical
analysis was performed using One-Way ANOVA test with post-test of multiple Bonferroni’s analyzes. Significance level *p < 0.05.

induced activation of cleaved caspase-3 at the same levels after 24 h (no
significant difference, p < 0.05) (Fig. 5). Overall, our results confirmed
the positive correlation between nuclear accumulation of doxorubicin
and caspase-3 activation.

4. Discussion

In this work, we tackled the following question: what is the mecha-
nism underlying the intracellular delivery of doxorubicin encapsulated
in pH-sensitive liposomes (SpHL-DOX) into HeLa cells? Despite the
similarities in ICsy values and internalization kinetics between SpHL-
DOX and doxorubicin, our main findings revealed that SpHL-DOX
toxicity enhanced when lysosome acidification was inhibited using
chloroquine and lysosome proteases are inhibited using E64d. To the
best of our knowledge, it is the first time these processes positively

correlate with the intracellular release of drugs from pH-sensitive lipo-
somes. Thus, our data support the hypothesis that at the intracellular
level, pH seems to play a secondary role in the release of cargo from
some pH-sensitive liposomal formulations and suggest that instead of
the cargo, in this case, doxorubicin can play an important role in con-
trolling its own release.

The use of lysosomotropic and intracellular trafficking perturbating
agents alludes to the idea that interfering in the intracellular trafficking
of pH-sensitive liposomes could lead to improved drug release. The
presence of lysosomotropic agents (e.g., chloroquine, bafilomycin A, and
3-MA) typically prevents intracellular release of fluorophores (e.g., cal-
cein, FITC-dextran) and biologically relevant cargos (e.g., drugs, plasmid
DNA) from pH-sensitive liposomes [32,33]. The release is prevented by
the dissipation of the intraluminal pH, which in turn avoids PE phase
transition and thereby lipid fusion. Conversely, no appreciable decrease
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Fig. 5. Immunocytochemistry of cleaved caspase-3 protein in HeLa cells after treatment with the formulations. Cells were treated with free-DOX, nSpHL-DOX, and
SpHL-DOX with 3.22 pM (ICsq of free-DOX), for 6, 12, and 24 h. After, the coverslips were fixed with 4% PFA and subsequently labeled with cleaved caspase-3
(Aspl75) anti-rabbit mAb. Then, coverslips were incubated with the secondary antibody Alexa Fluor® 647 anti-rabbit IgG. (A) Representative images of the
HelLa cell with green representing cleaved caspase-3. (B) Cells’ integrated intensity of cleaved caspase-3 from the treatments with the formulations. Results expressed
as median + standard deviation of three independent experiments (n = 3). Statistical analysis was performed using the Two-Way ANOVA test and multiple com-
parisons using Tukey’s Test. Significance level *p <0.05, where (i) significant difference between free-DOX and nSpHL-DOX; (ii) significant difference between SpHL-
DOX and nSpHL-DOX; and (iii) significant difference between free-DOX and SpHL-DOX. Scale bar =100 pm.

in doxorubicin release was observed in response to SpHL-DOX in the
presence of bafilomycin and 3-MA. In fact, chloroquine further increased
doxorubicin cytotoxicity. It is tempting to hypothesize that chloroquine
could be potentializing cell toxicity by inhibiting autophagy, P-glyco-
protein, DNA repair, or even upregulate p53-mediated apoptosis; how-
ever, this hypothesis is weakened by the fact that this increase was not
observed with free-DOX, nSpHL-DOX, nor in the presence of 3-MA,
another autophagic inhibitor. We, therefore, hypothesize that the pres-
ence of chloroquine inside the intraluminal vesicle triggers doxorubicin
release from SpHL-DOX, probably by osmotic swelling and disruption of
the endosome [34]. Previous studies found that the decrease in pH is not
the only mechanism that leads to destabilization of pH-sensitive lipo-
somes inside the cell, even though biophysical assays show a clear
correlation between acidic pH and liposomes rupture [27,35]. The
increased toxicity of SpHL-DOX in the presence of E64d could be related
to doxorubicin’s higher nuclear accumulation. Even in the absence of
inhibitor, SpHL-DOX leads to higher accumulation of doxorubicin in
nuclei compared to free-DOX and nSpHL-DOX; this effect is intensified
in the presence of E64d. A likely explanation is that entrapped drugs in
acidic vesicles can be released by decreasing the pH gradient along the
endocytic route using inhibitors [36]. These findings suggest that the
release from pH-sensitive liposomes containing doxorubicin involves
more complex mechanisms than simply the decrease of the intraluminal
pH.

The role of the cargo in the intracellular release is rarely taken into
consideration during the development of DDS, but as presented here, it
may constitute a key element to trigger endosomal destabilization,

particularly in the presence of perturbating agents. Encapsulation into
liposomes is an alternative to diminish the side effects related to doxo-
rubicin free circulation such as cardiotoxicity, myelosuppression, and
mucositis [8]. We previously demonstrated that both nSpHL-DOX and
SpHL-DOX accumulate in mice-breast tumors, the latter being four-fold
higher than the former [13], and SpHL-DOX led to reduced systemic
toxicity compared to free-DOX and nSpHL-DOX [14]. The bio-
distribution throughout the mice showed higher accumulation of
nSpHL-DOX into the liver and spleen than SpHL-DOX, which accumu-
lated at higher concentrations into the tumor than nSpHL-DOX. This
difference could be explained by the structural lipid used to produce
nSpHL (HSPC), improving the liposome recognition by the mononuclear
phagocyte system and reducing its bioavailability [13]. Thus, an
improvement in SpHL-DOX toxicity towards cancer cells is desirable for
in vivo applications [37], and a remarkable finding here is that
combining chloroquine or E64d with SpHL-DOX enhanced the intra-
cellular release of the drug, its capacity of triggering apoptosis resulting
in a greater toxicity. These promising results, allied with our previous in
vivo findings, encourage further studies to assess the real potential of
these therapeutic strategies in vivo.

Our work highlights the importance of studying in a mechanistic way
the route for the release of doxorubicin by the formulations, and it opens
new opportunities to develop and improve the formulations. New hy-
potheses emerge for further in vivo and in vitro studies, which could help
to elucidate the role of autophagy in the intracellular trafficking process.
Autophagy is a process induced in response to extracellular and intra-
cellular stress for the turnover of cellular components, and it could be
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deregulated during disease progression [29]. Cathepsin B expression
levels appear significantly elevated in some types of cancer, and this
protein was described to be activated in doxorubicin-mediated cell
death [38]. Inhibitors of acidification such as chloroquine, or inhibitors
of lysosomal cathepsins like E64d block the degradation of proteins
related to autophagy and lead to accumulation of LC3-II [39]. Studies
are now needed to further investigate these hypotheses.

5. Conclusion

This work highlights that SpHL-DOX release of doxorubicin out-
performs that of free doxorubicin and nSpHL-DOX in inducing the
expression of cleaved caspase-3. Remarkably, SpHL-DOX potency was
further increased in the presence of chloroquine and E64d, opening new
opportunities for improvement of its therapeutic application. From the
drug delivery perspective, we showed that the cargo (i.e., doxorubicin)
can play a key role in its release from pH-sensitive liposomes, suggesting
a more complex mechanism than simply a decrease of the intraluminal
pH. This mechanistic knowledge could be useful for improving or
developing a new formulation containing DOX. From the cancer cell
biology perspective, future studies will be needed to determine the role
of autophagy in the intracellular pathway of such formulations, also as a
possible strategy for improving liposomal formulations efficiency.
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