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Abstract: Background: Raloxifene, a selective estrogen receptor modulator, is also known to be a lysosomotropic agent.

The bioavailability of raloxifene is around 2% due to extensive hepatic transport. Exosomes are nanosized vesicles that are

naturally released from cells. Method: In this study, exosomes released from HeLa cervical cancer cells were loaded with

raloxifene to increase its bioavailability, and an aptamer was attached to the exosome membrane for targeting only HeLa

cells. Characterization of exosomes isolated from HeLa cells was performed by transmission electron microscopy, zeta

sizer, and western blotting. In addition, the cytotoxic, apoptotic, autophagic, and lysosomotropic effects of the

prepared Exo-Apt-Ral formulation on HeLa cervical cancer cells were investigated. Results: According to zeta

analysis, the sizes of the empty exosome and Exo-Apt-Ral formulation were measured as 66 ± 12 and 120 ± 21 nm,

respectively. There was a rise in the lysosomal permeability of HeLa cells after the Exo-Apt-Ral application. In

addition, both apoptotic and autophagic death mechanisms were triggered in HeLa cells after the Exo-Apt-Ral

application. Conclusion: This study showed that raloxifene functionalized by loading into aptamer-bound exosomes

can be a new targeted drug carrier system for cervical cancer.

Introduction

Conventional cancer therapy approaches such as
radiotherapy, chemotherapy, photodynamic therapy, and
photothermal therapy can induce severe side effects in
tissues other than the target tissue. As a result, research on
targeted treatment methods to minimize these side effects
has greatly accelerated. One of the primary clinical
approaches used for targeted cancer therapy is aptamers.
Aptamers are DNA and RNA oligonucleotides that
selectively bind to their target ligands with high affinity.
Although their molecular weights are about one-tenth
smaller than monoclonal antibodies, they interact closely
with target molecules due to their complex tertiary 3D
structure. Therefore, aptamers are ideal agents for protein
and cell targeting (Barbas et al., 2010; Sun et al., 2014; Yang
et al., 2022).

Autophagy is one of the most studied cellular processes
in which intracellular components are directed to lysosomes

or other vacuoles for degradation. The substrates of
autophagy are proteins and organelles that have completed
their normal physiological process or are damaged. The
degradation products of these substrates are recycled to help
the cell survive under different stress circumstances such as
nutrient shortage, growth factor deprivation, hypoxia, and
infections (Levine, 2007).

Lysosomes are membrane-enclosed cytoplasmic vesicles
found in all eukaryotic cells. They play critical roles in
cellular pathways such as autophagy, endocytosis,
exocytosis, and phagocytosis. The main feature that
distinguishes lysosomes from other intercellular vesicles is
their high intramembrane acidity. Lysosomal membrane
proton pumps provide an acidic medium for the three-
dimensional structures of biological macromolecules,
including proteins, to relax and become available for
degradation and, at the same time to establish an optimal
pH for the activity of lysosomal acid hydrolases. The
deterioration of biological macromolecules within the
lysosome is facilitated by more than 50 hydrolases,
including proteases, nucleases, lipases, glycosidases,
phosphatases, and sulfatases (Zhao et al., 2020). The most
crucial molecular change in lysosome-based cell death
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mechanisms is the deformation of the lysosomal membrane
structure.

Lysosomal membrane permeability can be increased by
several agents that were named “lysosomotropic” by Duve in
1974 (de Duve et al., 1974). Once lysosomotropic agents
cross the lysosomal membrane, they become protonated and
accumulate in the lysosome cytoplasm. When the
concentration of the lysosomotropic agent reaches a critical
level, the agent acquires membranolytic characteristics,
allowing the lysosomal contents to be released into the cell
cytoplasm. The leakage of lysosomal acid hydrolases triggers
cell death mechanisms in the cytoplasm (Ndolo et al., 2012).
The lysosomotropic activity of raloxifene, an estrogen
receptor modulator for the cure of osteoporosis in the
postmenopausal period, has been reported. However, taken
orally in tablet form, raloxifene is catabolized due to extensive
hepatic transmission, and its absolute bioavailability is
reduced to 2% (Selyunin et al., 2021). Therefore, it is essential
for lysosomotropic drugs, including raloxifene, to be targeted
to cells and formulations with delivery systems in cancer
therapy. In this study, raloxifene was formulated utilizing
exosomes, which are part of cells and function as natural
carriers. The autophagic effects were investigated by directing
it to cervical cancer cells via aptamers.

Materials and Methods

Cell culture
HeLa human cervical cancer cells and L929 mouse fibroblast
cells provided from the American Type Culture Collection
(CCL-2) were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) medium with 10% fetal bovine serum,
1% penicillin/streptomycin containing L-glutamine and
HEPES, in 25 cm2

flasks, at 5% CO2 and 37°C ambient
conditions. When the cells filled the flasks 80%–90%, they
were passaged into new 25 and 75 cm2

flasks, and the stocks
were multiplied for use in subsequent experiments (Erdogan
et al., 2019).

Exosome isolation from HeLa cervical cancer cells
The HeLa human cervical cancer cells were seeded into 75 cm2

flasks. They were cultured at 5% CO2 and in DMEM medium
containing 10% fetal bovine serum and 1% penicillin-
streptomycin. When the cells reached 90% occupancy, they
were washed twice with Dulbecco’s phosphate buffered
saline (DPBS). To induce exosome release, low glucose
DMEM medium containing only 1% penicillin-streptomycin
was added to the cells. This medium was collected every two
days. To remove cell debris from the medium, the collected
medium was first centrifuged at 4.000 rpm for 30 min and
then at 30.000 rpm for 30–60 min. The supernatant was
passed through a 0.22 µm diameter filter. Then, it was filled
into ultracentrifuge tubes and the caps of the tubes were
melted with a capping machine and closed. It was
centrifuged at 90.000 rpm for 7 h in an ultracentrifuge. The
supernatant was poured and the collapsed pellet was
dissolved in 200 µL of phosphate buffer (pH 7.4). Total
protein was measured by spectrophotometer in the UV
region (260 nm) (Cenik et al., 2022).

Loading of raloxifene into exosomes by electroporation
technique
An electroporator was used to load raloxifene into exosomes.
For this, exosome and raloxifene at different concentrations
(1–1000 µM) were added to 400 µL of PBS. This prepared
mixture was loaded into a 400 µL electroporation cuvette.
The protocol specific to HeLa cells was loaded into the
electroporator (voltage = 400 V, capacitance = 125 µF,
resistance = ∞Ω). The electroporation cuvette was placed in
its chamber in the device and loading was performed after
the given impulses. The samples taken from the cuvette
were transferred to microfuge tubes (Isolab GmbH, Eschau,
Germany). The samples were precipitated with
ultracentrifuge at 90.000 rpm for 3 h to remove the drug
that was not loaded on the exosome in the medium. The
supernatant was poured and the pellet was dissolved in PBS.
It was stored at −20°C until use (Cenik et al., 2022).

Calculation of loading doses of raloxifene into exosomes
Loading doses of raloxifene on exosomes were calculated
spectrophotometrically as earlier reported by Nagaraju et al.
(2014). After measuring the optical density at 288 nm of 5,
10, 15, 20, and 25 µM doses of raloxifene, the standard
graph was drawn. The entrapment efficiency of raloxifene
was calculated from the standard graph by taking the optical
density of the exosome-drug medium before and after
loading (Demirbolat et al., 2022b).

Assays for aptamers binding to exosomes
For drug targeting, the Apt13 and Apt20 aptamers, which
specifically bind to the L1 capsid protein found on the
membrane of HeLa cervical cancer cells, were selected from
the literature (Graham and Zarbl, 2012). The sequences of
the aptamers are 5′GGGACAGACGGAAGATGAGAATTG
TGGGCTTAGTATAGTGAGGTGCGGT-3′ for Apt13 and 5′
GGGGAGGGAGACACA GTCATGGAGCAGTTATTAG
GGTGTACCGGGTGTAGT-3′ for Apt20.

In aptamer binding to exosomes released from HeLa cells,
aptamers were dissolved in tris- ethylenediaminetetraacetate
(EDTA) buffer and a modified binding buffer (pH 7.4) was
prepared in accordance with earlier protocols (Embark, 2016;
Siddiqui and Yuan, 2021). For the binding experiment,
optimization studies were performed using 1–500 µg protein-
containing exosomes and 1–1000 nM aptamers. Eppendorf
tubes were incubated at 37°C for 0–240 min. The amount of
single-stranded DNA (ssDNA) in the samples was measured
in the nanodrop and the amount of aptamer bound was
calculated.

Binding assays of Exo-Apt-Ral to HeLa cells
The binding affinities of aptamer-bound exosomes (Exo-Apt-
Ral) to HeLa and L929 cells were demonstrated by
fluorescence microscopy. For this, carboxyfluorescein-
labeled aptamers were used. 1 × 106 HeLa and L929 cells
were seeded in 6-well plates. After 24 h of incubation for
the cells to adhere to the plate base, FAM-labeled aptamer-
bound exosomes (100 µg) were added to the medium. After
12 h of incubation, the cells were imaged under a
fluorescent microscope (Graham and Zarbl, 2012).
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Uptake of exosomes by HeLa cells
HeLa cells were seeded in 12-well plates at 1 × 105 cells per
well. The cells were incubated in a carbon dioxide oven for
24 h to adhere to the bottom of the plate. The cells were
incubated for 24 h with the half maximal inhibitory
concentration (IC50) dose of Exo-Apt-Ral formulation. After
incubation, PKH67 exosome dye was added to the medium
and after 60 min of incubation, images of cells were taken
under a fluorescent microscope.

Drug release measurement
The release profile of raloxifene was carried out by dialysis bag
diffusion procedure. After the dialysis bag (MW 12 kDa) was
absorbed in the phosphate buffered saline (PBS), pH 7.4
overnight, a specific amount of Exo-Apt-Ral was put into
the dialysis bag. The dialysis bags were closed from both
sides, and were placed in bakers including 100 mL of PBS of
pH 7.4, and incubated in a water bath set at 37°C ± 0.1°C.
The system was repeatedly stirred at 100 rpm. At
prearranged time periods, 1 mL of the media was
withdrawn and refilled with fresh release medium at the
same temperature. Samples were measured with a UV
spectrophotometer, and the concentration of each sample
was assayed. All the release studies were carried through in
triplicate and the mean values with standard deviation were
calculated (Demirbolat et al., 2022a).

HeLa cell viability measurement
HeLa cells were added in 96-well plates at a density of 1 × 104.
After the cells adhered to the bottom of the plate, 1,10,100 and
1000 µM doses of raloxifene and Exo-Apt-Ral formulations
were added to the wells. After 24 h of incubation, 10 µL of
3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium
bromide (MTT) dye was added to each well. After 4 h of
incubation, the medium was discharged and 100 µL of
DMSO was added to all wells. The absorbance was read at
570 nm (Erdoğan et al., 2021).

Wound closure assay
HeLa cells were seeded in 12-well plates at a density of 1 × 105.
After 24 h of incubation, a line was drawn in the middle of
each well with a pipette tip. The IC50 doses of raloxifene
and Exo-Apt-Ral were added to each well. Images of cells
were taken at 0, 24, 48, and 72 h. The migration amount
was measured with the ImageJ program (Paşa et al., 2021).

Lysotracker staining
HeLa cells were seeded in 12-well plates at 1 × 105 cells per
well. The cells were incubated in a carbon dioxide oven for
24 h to adhere to the bottom of the plate. The cells were
incubated for 24 h with the IC50 dose of the raloxifene and
the Exo-Apt-Ral formulation. After incubation, lysotracker
DND-26 dye (50 nM) was supplied to the medium and after
30 min of incubation, images of cells were taken under a
fluorescent microscope and changes in lysosomal functions
were observed (Ye et al., 2018).

Muse annexin V measurement
HeLa cells were seeded in 6-well plates with the 1 × 106 cell
density. They were incubated for 24 h for cells to adhere.

The IC50 doses of raloxifene and Exo-Apt-Ral were added to
each well. After 24 h of incubation, cells were removed with
200 µL of trypsin and transferred to microfuge tubes. After
centrifugation at 1200 rpm for 5 min, the supernatant was
discarded. The cells were dissolved in 100 µL of medium
and 100 µL of annexin V reagent was added. After 20 min
of incubation in the dark, apoptosis was measured with the
Muse Cell Analyzer (Türk et al., 2020).

Hemolysis assay
This experiment was performed to investigate the safety of
raloxifene and Exo-Apt-Ral formulations for intravenous
administration. Freshly collected venous blood was taken
into tubes containing EDTA. Tubes were centrifuged at
1000 × g for 15 min. Precipitated erythrocytes were washed
3 times with pH 7.4 phosphate buffer. To prepare a
10% erythrocyte solution, 100 µL of red blood cells were
taken and 900 µL of phosphate buffer (pH 7.4) was added.
50 µL of this prepared erythrocyte solution was taken and
450 µL of raloxifene and Exo-Apt-Ral were added at
concentrations of (1, 10, 100, and 1000 µM). NaCl (0.9%)
was used as the negative control and distilled water was
used as a positive control. Microfuge tubes were incubated
at 37°C for 30 min and then centrifuged at 1000 × g for 15
min. The absorbance of the color formed by taking 100 µL
from the supernatant was measured at 540 nm (Demirbolat
et al., 2022b).

Apoptotic and autophagic protein expression measurement by
western blotting
HeLa cells were seeded in 6-well plates at 1 × 106 cells per well.
The cells were incubated in a carbon dioxide oven for 24 h to
adhere to the bottom of the plate. Cells were incubated with
IC50 doses of raloxifene and Exo-Apt-Ral formulations for
24 h. After 24 h of incubation, the cells were removed and
the cells were lysed by adding 350 µL of 2X sample loading
buffer. Using solutions of pH 6.8, 0.5 M Tris, pH 8.8 1.5 M
Tris, 30% acrylamide-bisacrylamide, 10% ammonium
persulfate, 10% sodium dodecyl sulfate (SDS) and TEMED,
4% stacking, and 12% separation gel were poured. The
samples containing 5–10 µg of protein were loaded onto a
gel and run with a running buffer (5 mM Tris, 38.4 mM
glycine, 1% SDS) at 100 V constant current for 1–2 h. After
electrophoresis, immunoblotting was performed with a
semi-dry system to transfer the protein bands in the gel to
the polyvinylidene fluoride (PVDF) membrane. The gel was
carefully placed on the membrane, and a nitrocellulose layer
wetted with a transfer buffer was placed on it again. In a
semi-dry transfer device (Biorad Transblot Turbo), blotting
was performed at 25 V and 1 Amp constant current for 30
min. After transferring the proteins to the PVDF
membrane, the membrane was washed three times with
TBST (20 mM Tris, 154 mM NaCl, 0.1% Tween 20) and
blocked with 2.5% BSA for 2 h. After washing three times
with TBST, the PVDF membrane was incubated with the
following primary antibodies BCL-2-associated X protein
(Bax, Santa Cruz SC7480), BCL-2 (Santa Cruz SC7382),
LC3AB (Cell Signaling 12741), Beclin-1 (Cell Signaling
3495), and B-actin (Santa Cruz SC47778) at 4°C overnight
on an orbital shaker. After incubation, the membrane was
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washed three times with TBST for 10 min. Subsequently, the
membrane was incubated with horse radish peroxidase-
conjugated secondary antibody for 2 h at room temperature,
the membrane was incubated with chemiluminescence
reagent (ECL, Santa Cruz) for 1 min in the dark. The
images of the bands were taken with the imaging system
(Syngene GBOX). Densitometric analysis of the bands was
done with the ImageJ program (Paşa et al., 2021).

Apoptotic and autophagic gene expressions measurements by
quantitative polymerase chain reaction
The total RNA content was isolated from 5 × 106 of HeLa cells
as previously described (Paşa et al., 2021). 1 μg total RNA was
reverse transcribed as the template for cDNA synthesis using a
high-capacity cDNA Reverse Transcription Kit (Applied
Biosytems Waltham, USA). Quantitative real-time PCR
(qRT-PCR) was carried out with Bcl-2, Bax, LC3B, Beclin-1,
and GAPDH primers. The primer sequences are given here:
Bcl-2: 5′-GACAGAAGATCATGCCGTCC-3′ (forward),
5′-GGTACCAATGGCACTTCAAG-3′ (reverse); Bax: 5′-G
CCCTTTTGCTTCAGGGTTT-3′ (forward), 5′-TCCAATG
TCCAGCCCATGAT-3′ (reverse); LC3B: 5′-ACTTTGTTG
TTTGGCAGAAGC-3′ (forward), 5′-TTTGTCCCGAG
CCTTCATT-3′ (reverse); Beclin1: 5′-CGG
AAACCATTCATATCTGG AG-3′ (forward), 5′-TCCCAG
AAAAACCGCAAC-3′ (reverse); GAPDH: 5′-TGCACCACC
AACTGCTTAGC-3′ (forward), 5′-GGCATGGACTGTGG
TCATGAG-3′ (reverse). 100 nanograms of cDNA were
amplified by Sybr Green PCR Master Mix (Applied
Biosystem) on the ABI StepOne Plus detection system. The

program parameter for amplification was 95°C for 10 min,
then 40 cycles of 95°C for 15 s, and 60°C for 1 min. The
qPCR data were resolved using StepOne Software v2.3
(Applied Biosystems, Foster City, CA), and the genes of
interest were normalized to the corresponding GAPDH
results. Data plotted as fold change vs. control (Erdogan et
al., 2019).

Statistical analysis
Data from three independent experiments are presented as
mean ± SD. Variations between groups were assessed by the
One Way ANOVA test. Statistical analysis was carried out
with GraphPad Prism version 7.0 software. Statistical
importance was considered as follows: *, p < 0.05; **, p <
0.01; ***, p < 0.001.

Results

Characterization of HeLa exosomes
The expression of CD9, CD63 and CD81 proteins expressed in
the membrane of the HeLa cervical cancer cells exosomes
isolated by the ultracentrifugation method was
demonstrated by western blotting. The expression of CD9,
CD63, and CD81 proteins in cell lysates was less
pronounced than the expression of CD9, CD63, and CD81
proteins in the exosome, according to the amount of equally
loaded protein (Fig. 1A). Dimensional analysis of exosomes
isolated from HeLa cervical cancer cells was performed with
transmission electron microscopy (TEM) and zeta sizer.
Dimensions of the Exo-Apt-Ral formulation were analyzed

FIGURE 1. Characterizations of
exosomes. (A) Representation of
Western blot bands of specific
biomarkers expression from
exosomes. (B) Size distribution of
exosomes and raloxifene-loaded
exosomes measuring with zeta sizer.
(C) Transmission electron
microscopy (TEM) image of an
empty exosome (D) TEM image of a
raloxifene-loaded exosome (Scale
bar = 100 nm).
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with a zeta-sizer. According to the zeta results, the size of the
pure exosome was measured as 66 ± 12 nm, while the size of
the Exo-Apt-Ral was 120 ± 21 nm (Fig. 1B). When the TEM
image was examined, spherical structures of approximately
52.34 and 116.1 nm for empty exosome and raloxifene
loaded exosome were observed, respectively (Figs. 1C and 1D).

Entrapment efficiency and raloxifene drug release
The entrapment efficiency of raloxifene was analyzed by the
spectrophotometric method. The linear regression equation
of raloxifene was y = 43.03x − 1.6011, r2 = 0.998 (Suppl.
Fig. S1). The entrapment efficiency of raloxifene was
calculated to be 72% ± 2.15%.

The release profile of raloxifene in the Exo-Apt-Ral
formulation in PBS at different pH is shown in Fig. 2D. The
prepared formulation released more raloxifene at pH = 5.0.
In PBS at pH = 5.0, pH = 7.4, and pH = 8.2, raloxifene was
found to be maximally released at approximately 40 h.

Aptamer binding studies
The binding levels of Apt13 and Apt20 aptamers to the
exosomes, which specifically bind to the L1 capsid protein
in the membrane of HeLa cervical cancer cells, were
measured spectrophotometrically. While Apt13 and Apt20
aptamers seemed to bind maximally for up to 1 h
depending on the concentration, the Apt20 aptamer
retained its binding over time. For this reason, Apt20
aptamer was preferentially selected in formulation studies of

raloxifene because it is more stable than Apt13 (Figs. 2A
and 2B).

To demonstrate that Exo-Apt-Ral specifically binds to
HeLa cells, a raloxifene-loaded exosome coupled with
fluorescently labeled Apt20 aptamer was used. The Exo-Apt-
Ral formulation entering the cells after incubation with Exo-
Apt-Ral HeLa cells has been shown (Fig. 2C) with a
fluorescent microscope. L929 cells were used as a negative
control. Fluorescently labeled formulations in HeLa cells are
indicated by the tip of the arrows.

Effects of Exo-Apt-Ral on HeLa and L-929 cell viability
The exosome uptake behavior of HeLa cells was determined
by PKH67 exosome staining (Fig. 3A). Observations of an
increase in green fluorescence and lumen formation
supported the uptake of external exosomes into cells.

The changes in cell morphology after the treatment of
raloxifene and Exo-Apt-Ral formulations to HeLa cells were
examined with an inverted microscope. It was determined
that the cells in the Exo-Apt-Ral treated groups moved away
from each other and their cell size decreased compared to
the cells in the control group (Fig. 3B). The 24-h cytotoxic
effects of 1, 10, 100, and 1000 µM doses of raloxifene on
HeLa and L929 cells were investigated by the MTT method.
The IC50 values of cells treated with raloxifene were
determined as 22.19 ± 1.37 µM and 107.40 ± 8.81 µM for
HeLa and L929, respectively (Fig. 3C). It was determined
that when Exo-Apt-Ral was incubated with 22.19 µM of

FIGURE 2. Aptamer binding and drug release studies. (A) Time-dependent binding assay of Apt13 aptamers to exosomes. (B) Time-
dependent binding assay of Apt20 aptamers to exosomes. (C) Demonstration of Exo-Apt-Ral binding to HeLa and L929 cells with
fluorescently-labeled aptamers (Scale bar = 200 µm). (D) Cumulative raloxifene release in PBS buffer at different pH (5.0, 7.4, and 8.2)
(Each experiment was done in triplicate).
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raloxifene, cell viability was significantly reduced compared to
cells treated with empty exosomes (p < 0.001) (Fig. 3D).

Effects of Exo-Apt-Ral on HeLa cell migration
The formed wounds at 0 h and the healing progression at 24,
48, and 72 h in HeLa cells are shown in Fig. 4A. In cells treated
with raloxifene, the migration rate decreased to 55.84% after
72 h (p < 0.001). In cells treated with Exo-Apt-Ral, the
migration rate decreased to 46.14% after 72 h (p < 0.001)
(Fig. 4B).

Effects of Exo-Apt-Ral on erythrocytes
An in vitro hemolysis experiment was carried out to
investigate whether the prepared formulation is safe for
intravenous administration. As a result of the hemolysis
experiment (Suppl. Fig. S2A), raloxifene and Exo-Apt-Ral
(200 μg/mL) significantly reduced the hemolysis rates of red
blood cells compared to the positive control (p < 0.001)
(Suppl. Fig. S2B).

Effects of the Exo-Apt-Ral formulation on mitochondrial
apoptotic proteins in HeLa cells
The apoptotic cell rates in HeLa cells were determined with
annexin-V binding. The percentages of apoptotic cell rates
were increased while the percentages of live cell rates were

decreased after treatment with Exo-Apt-Ral formulations
(Figs. 5A and 5B).

To determine the apoptotic effect of the Exo-Apt-Ral
formulation on HeLa cells, the expression of anti-apoptotic
BCL-2 and pro-apoptotic Bax proteins were examined by
western blotting (Fig. 5C). The expression level of the pro-
apoptotic protein Bax was dramatically increased (Fig. 5D),
whereas the expression of the anti-apoptotic protein Bcl-2
was reduced (Fig. 5E) after treating HeLa cells with
raloxifene and Exo-Apt-Ral. Further qPCR assessment
revealed that the expression of the anti-apoptotic BCL-2
gene in HeLa cells decreased while that of the pro-apoptotic
Bax increased compared to the control group after
raloxifene and Exo-Apt-Ral treatments (Figs. 5F and 5G).

Effects of the Exo-Apt-Ral formulation on lysosomal and
autophagic proteins in HeLa cells
The tendency of raloxifene and Exo-Apt-Ral formulation to
accumulate in the lysosomes of HeLa cervical cancer cells
was examined by lysotracker DND-26 staining. When the
images taken at 40� magnification were examined under a
fluorescent microscope, it was seen that the cells treated
with Exo-Apt-Ral appeared to have more fluorescence than
the cells treated with raloxifene (Fig. 6A). Also, the intensity
of the lysotracker green color of HeLa cells treated with

FIGURE 3. The uptake experiments and cytotoxic effects of exosomes, raloxifene, and Exo-Apt-Ral. (A) The illustration of the uptake of
exosomes by HeLa Cells with PKH67 exosome staining (Scale bar = 100 µm for the top two images, scale bar = 50 µm for the bottom two
images). (B) Morphological images of HeLa cells treated with raloxifene and Exo-Apt-Ral formulations (Scale bar = 200 µm). (C) Cell
viability graphs of HeLa and L929 cells of raloxifene at 24 h of incubation. (D) Cell viability graphs of exosome, raloxifene, and Exo-Apt-
Ral administered groups at 24 h of incubation (Each group was studied in triplicate for cytotoxicity experiments, *, p < 0.05; ***, p < 0.001
compared to the control group).
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exosomes, raloxifene, and Exo-Apt-Ral formulations was
more compared with the control group cells. The
lysotracker green color intensity increased in cells treated
with only exosomes compared to the control group (p <
0.01). Likewise, it was determined that the intensity of
lysotracker increased in cells treated with raloxifene and
Exo-Apt-Ral (p < 0.001) (Fig. 6B).

LC3AB and Beclin-1 protein expression was examined by
western blotting to determine the autophagic effects of the
Exo-Apt-Ral formulation on HeLa cells (Fig. 6C). The
expression level of Beclin-1 and LC3AB increased in HeLa
cells treated with raloxifene and Exo-Apt-Ral compared to
the control group (Figs. 6D and 6E).

In addition, there was an increase in the expressions of
autophagic genes Beclin-1 and LC3B in HeLa cells treated
with raloxifene and Exo-Apt-Ral when compared to the
control group (Figs. 6F and 6G).

Discussion

Cervical cancer is reported as the second most common
cancer that threatens the health of women. The most critical
risk factor causing cervical cancer is the human papilloma
virus (HPV). Various treatment methods, including drugs
and vaccines, have been developed to treat cervical cancer,
which is an avoidable and curable disease. The most
widespread treatment procedure is chemotherapy with anti-
metabolites (e.g., methotrexate) and DNA interacting agents
(doxorubicin, cisplatin) along with some cytotoxic drugs.
However, because these drugs travel in the bloodstream and
spread to all body parts, cancer patients routinely experience
various side effects. These include nausea, hair loss,
damage to other non-target tissues, toxicity, neurotoxicity,

multi-drug resistance, anemia, and neutropenia. These side
effects restrict and/or put at risk the effectiveness of
therapeutic procedures.

For this reason, there is an immediate necessity for the
development of new anticancer drugs with better
effectiveness and fewer side effects. The controlled release of
existing drugs in target tissue with more effective
formulations is also essential (Ordikhani et al., 2016;
Hassanpour and Dehghani, 2017; Wang et al., 2021).

Exosomes secreted by all cell types in the body have
attracted great scientific interest as drug delivery systems.
Some of the most important benefits of exosomes include a
long half-life, improved delivery, increased drug circulation
time, controlled and continuous release of the drug, the
versatility of route of administration, the increased
intracellular concentration of the drug, and increased
bioavailability of insufficient soluble drugs. After such
exosomes are isolated, their characterization is performed by
techniques such as western blotting, flow cytometry, zeta-
potential analysis, atomic force microscopy, scanning
electron microscopy, and transmission electron microscopy
(TEM) (Zhou et al., 2020). Although exosomes have variable
sizes, those with a certain size range (30–150 nm) are
known to contain exosome biomarkers (Doyle and Wang,
2019). In a study on exosomes released from cancer cells,
Zhang et al. (2019) isolated the exosomes released from
CaSki cervical cancer cells by the ultracentrifugation method
and showed that the CD9, CD63, and HSP70 protein
expression was specific to these exosomes by Western
blotting. Furthermore, they measured the size of exosomes
released from CaSki cells to be in the range of 50–180 nm
by TEM analysis. In our study, after the exosomes released
from HeLa cervical cancer cells were isolated by the

FIGURE 4. The effects of Exo-Apt-Ral on cell migration in HeLa cells. (A) Cell migration was measured with the scratch wound healing assay
of wounded HeLa cells at 0, 24, 48, and 72 h (Scale bar = 100 μm). (B) Cell migration graphs of HeLa cells treated with exosome, raloxifene, and
Exo-Apt-Ral for the three biological replicates within each group (*p < 0.05; ***, p < 0.001 compared to the control group).
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ultracentrifugation method, we detected the expression of
CD9, CD63, and CD81 proteins in the exosome membrane
by Western blotting. Both TEM and zeta potential analysis
results have shown us that exosomes can be purified in the
desired range. In the zeta potential analysis of our study,
while the dimensions of the initially purified exosomes were
66 ± 12 nm, it was determined that the size increased
slightly (120 ± 21 nm) when loaded with raloxifene, but the
exosome integrity did not change. Similar results were also
documented in the TEM analysis. It has been shown in

studies that the size of exosomes previously isolated from
Hela cells increased slightly with docetaxel loading (Cenik et
al., 2022). At the same time, it has been reported that when
paclitaxel was loaded in exosomes isolated from
mesenchymal stem cells, their sizes increase by 36 nm with
drug loading compared to the previous size and their
integrity was not impaired (Abas et al., 2022).

Aptamers are RNA and DNA oligonucleotides that
selectively bind to their target ligands with high affinity.
Aptamers have been developed that specifically bind to

FIGURE 5. Effect of Exo-Apt-Ral on HeLa cell apoptosis. (A) The apoptosis profile of HeLa cells was measured by Annexin V after treatment
with exosome, raloxifene, and Exo-Apt-Ral. (B) The percentage of apoptotic HeLa cells treated with exosome, raloxifene, and Exo-Apt-Ral. (C)
Western blotting showing bands of Bax, BCL-2, and B-actin in HeLa cells treated with exosome, raloxifene, and Exo-Apt-Ral. (D) Graphs of
Bax protein expression after exosome, raloxifene, and Exo-Apt-Ral treatments. (E) BCL-2 protein expression after exosome, raloxifene, and
Exo-Apt-Ral treatments. (F) Bax gene expression of HeLa cells after exosome, raloxifene, and Exo-Apt-Ral treatments. (G) BCL-2 gene
expression of HeLa cells of exosome, raloxifene, and Exo-Apt-Ral treatments (each group was studied in triplicate for apoptosis
experiments, *, p < 0.05; **, p < 0.01; ***, p < 0.001 compared to the control group).
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various proteins found in the membranes of cancer cells. For
example, a study identified two RNA aptamers that specially
bind to prostate-specific membrane antigen (PSMA) after
six rounds of Systematic evolution of ligands by exponential
enrichment (SELEX). They showed that these aptamers,
xPSM-9 and xPSM-10, added fluorescent probes to the end
of the aptamers, bound to PSMA-positive LNCaP cells, and
did not bind to PSMA-negative PC-3 cells (Lupold et al.,
2002). There are two studies in the literature targeting
cervical cancer cells. In the first study, Graham and Zarbl
selected 11 different design aptamers that selectively bind to
HPV-transformed cervical cancer cells (SiHa) with the
SELEX method. Among these aptamers, 13, 14, 20, and 28
coded aptamers were shown to bind to SiHa cells with high
affinity by fluorescence microscopy (Graham and Zarbl,
2012). In the second aptamer study on cervical cancer, it
was shown that the 51 base-long C-9S DNA aptamer
specifically binds to SiHa and HeLa cervical cancer cells
using flow cytometry and confocal fluorescence microscopy
analytical techniques (Wang et al., 2019). Since the 13 and
20 coded aptamers used in this study are specific to Hela
cells, we bound these aptamers to the surface of exosomes
and transported raloxifene to HeLa cells by exosomes.
HeLa-specific aptamers have previously been shown to only

bind to these cells documented in the study by Graham and
Zarbl. Our study showed that when raloxifene is loaded
with aptamer-bound exosomes by electroporation, it is a
target-specific carrier system that binds to HeLa cells rather
than L929 cells. We also detected this effect as raloxifene
specifically changes the acidity by accumulating in lysosomes.

The acidic inner environment of lysosomes makes them
sensitive to the accumulation of weak bases capable of
crossing the lysosomal membrane. Once they reach this
compartment, these weak bases are protonated, and their
back-diffusion into the cytosol as charged molecules is
heavily inhibited. Such substances are called lysosomotropic
agents, and through this mechanism, they can accumulate in
lysosomes at concentrations one hundred times than their
cytosolic concentrations. The lysosomotropic abilities of
many well-known clinically used drugs including
chloroquine, antipsychotics (chlorpromazine, aripiprazole,
and thioridazine), antidepressants (desipramine,
clomipramine, and imipramine) have been documented
(Nadanaciva et al., 2011). The lysosomotropic activity of
raloxifene, which is used as an estrogen receptor modulator
for the treatment of osteoporosis in the postmenopausal
period has also been reported (Selyunin et al., 2021). Oral
administration of raloxifene in the pill form is catabolized

FIGURE 6. Effect of Exo-Apt-Ral on the HeLa cell lysosome and autophagy pathway (A) DND-26 lysotracker staining images of HeLa cells
treated with exosome, raloxifene, and Exo-Apt-Ral formulations (Scale bar = 50 µm). (B) Graphical illustration of the lysotracker density in
HeLa cells treated with exosome, raloxifene, and Exo-Apt-Ral. (C)Western blotting bands of Beclin1, LC3AB, and B-actin in HeLa cells treated
with exosome, raloxifene, and Exo-Apt-Ral. (D) Graphs of beclin1 protein expression in HeLa cells after exosome, raloxifene, and Exo-Apt-Ral
treatments. (E) Graphs of LC3AB protein expression after exosome, raloxifene, and Exo-Apt-Ral treatments. (F) Graphs of LC3B gene
expression in HeLa cells after exosome, raloxifene, and Exo-Apt-Ral treatments. (G) Graphs of Beclin1 gene expression in HeLa cells after
exosome, raloxifene, and Exo-Apt-Ral treatments (Each group was studied in triplicates for lysosome and autophagy experiments, **, p <
0.01; ***, p < 0.001 compared to the control group).
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due to extensive hepatic transit, and its absolute bioavailability
is reduced to 2%. Therefore, various formulations based on
liposomal, chitosan and microemulsion have been developed
to increase the bioavailability of raloxifene
(Golmohammadzadeh et al., 2017). A research team
prepared a lipid-based microemulsified formulation of
raloxifene and reported that the lipid-based microemulsion
of raloxifene had a more significant outstanding in vitro
intestinal transit than commercial formulations on the
market (Thakkar et al., 2011). Saini et al. (2015) developed a
chitosan-based nanoparticulate formulation of raloxifene
and calculated the raloxifene loading efficiency of this
nanoparticle formulation to be 23.89%. In vivo studies
emphasized that nasal administration significantly increased
the amount of raloxifene in plasma compared to oral
administration. For example, in one study, raloxifene was
loaded with 79% efficiency into the micelles they prepared
using Pluronic F68 and Gelucire 44/14. In their in vitro
cytotoxicity experiments, the IC50 value of the micelle
formulation of raloxifene in MCF-7 human breast cancer
cells was calculated as 22.5 µg/mL. They also found that the
in vivo bioavailability of the micelle formulation of
raloxifene increased 1.5 times compared to pure raloxifene
(Kanade et al., 2018). Exosome-based formulation of
raloxifene to increase its bioavailability and target-specific
orientation was demonstrated for the first time in this study.
In our study, the exosome-based formulation of raloxifene
with 72% ± 2.15% entrapment efficiency had a similar
loading capacity as in other lipid-based studies. Lipid-based
formulations of raloxifene have been administered orally in
in vivo studies (Murthy et al., 2020). Since exosomes are
lipids of biological origin that are naturally released from
cells, the exosome-derived formulation of raloxifene has the
potential to be administered orally in the future. The
prepared Exo-Apt-Ral disrupted the lysosomal integrity of
HeLa cervical cancer cells and allowed the lysosomal
contents to pass into the cell cytoplasm to trigger cell death
mechanisms. Autophagy plays a duplicate role in tumor
growth and suppression and also facilitates cancer cell
development and proliferation. Therefore, chemotherapy
combined with autophagy is a more effective strategy to
target cancer cells. Unnatural autophagy restricts the
degradation of harmed components or proteins in
oxidatively stressed cells, leading to cancer development
(Levine, 2007). It has been reported that there is a close
relationship between exosome release and the autophagy
pathway, and both mechanisms are triggered in conditions
such as nutrient deprivation and oxidative stress. In
addition, it has been emphasized that exosomes trigger
autophagy (Xing et al., 2021). In this study, it was shown
that the autophagy mechanism was triggered by increasing
LC3AB and Beclin1 protein expression in HeLa cervical
cancer cells after exosome treatment. Decreased autophagy
and increased cell proliferation have been reported with
BECN1 deletion in cancer cell lines and animal models
(Yun and Lee, 2018). Kim et al. (2015) reported that the
expression of LC3B, Beclin-1, ATG5, and ATG12
autophagic proteins was increased in MCF-7 human breast
cancer cells treated with 10 µM raloxifene and autophagic

death of MCF-7 cells was triggered. This study determined
that the autophagic death mechanism was triggered by an
increase in the expression of LC3AB and Beclin-1
autophagic proteins in HeLa cervical cancer cells treated
with Exo-Apt-Ral.

Conclusions

Accumulation of chemotherapeutics in undesirable tissues is
one of the most significant disadvantages of cancer
treatment. Focusing on the development of cervical cancer-
specific therapeutic release strategies, this study
demonstrated that drugs could be transported to target cells
with binding aptamers to drug-loaded functionalized
exosomes. The data obtained from this study will contribute
to the development of specific delivery systems with high
biocompatibility in targeted and personalized therapies. This
would contribute to the redefinition of biotechnological
drug development strategies in the future, and constitute
preliminary data for clinical applications.
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FIGURE S2. (A) The images of RBC
cells treated with the raloxifene and
Exo-Apt-Ral concentrations. (B)
The graph (% hemolysis) of cells
treated with the raloxifene and E
xo-Apt-Ral concentrations.

RALOXIFENE LOADED EXOSOMES 1063


	Raloxifene-loaded and aptamer-bonded exosomes induce autophagic and apoptotic death in HeLa cells by enhancing the lysosomotropic effect ...
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	References
	flink7
	flink8



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


