International Journal of Nanomedicine

3

Dove

ORIGINAL RESEARCH

ATP-loaded biomimetic nanoparticles as
controlled release system for extracellular drugs
in cancer applications

Patricia Diaz-Saldivar
Juan Pablo Huidobro-Toro

Laboratory of Pharmacology,
Deparment of Biology, Faculty of
Chemistry and Biology, Center for
the Development of Nanoscience
and Nanotechnology, University of
Santiago de Chile, Santiago, Chile

Correspondence: Patricia Diaz-Saldivar
Laboratory of Pharmacology, Faculty
of Chemistry and Biology, University
of Santiago de Chile, Alameda 3363,
Casilla 40, Correo 33, Santiago, Chile
Tel +562 271 8117

Fax +562 681 3125

Email patricia.diaz@usach.cl

This article was published in the following Dove Medical Press journal:
International Journal of Nanomedicine

Purpose: The antitumoral effect of ATP requires its accumulation in the extracellular space to
interact with membrane receptors in target cells. We propose the use of albumin nanoparticles
(ANPs) coated with erythrocyte membranes (EMs) to load, deliver, release, and enhance the
extracellular anticancer activity of ATP.

Materials and methods: ANPs were synthesized by desolvation method and optimal val-
ues of pH, albumin concentration, and ethanol volume were determined. EMs were derived
from erythrocyte lysates and were coated on to ANPs using an extruder. Size was determined
by transmission electron microscopy (TEM) and hydrodynamic size and zeta potential were
determined by dynamic light scattering. Coating of the ANPs with the EMs was verified by
TEM and confocal microscopy. Nanoparticle cell uptake was analyzed by confocal microscopy
using HeLa and HEK-293 cell cultures treated with nanoparticles stained with 1,1’-diocta-
decyl-3,3,3%,3’- tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt (DiD) for
EM-ANPs and Alexa 488 for ANPs. Cell viability was analyzed by [3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) and
Annexin V/propidium iodide assays.

Results: Optimal values of ANP preparation were as follows: pH=9, 10 mg/mL albumin concentra-
tion, and 2.33+0.04 mL ethanol volume. Size distributions as analyzed by TEM were as follows:
ANPs=91.944.3 nm and EM-ANPs =98.3£5.1 nm; hydrodynamic sizes: ANPs =180.5+6.8 nm and
EM-ANPs =197.843.2 nm; and zeta potentials: ANPs=17.843.5 mV, ANPs+ATP =—13.6010.48
and EM-ANPs =—13.74£2.9 mV. The EMs coating the ANPs were observed by TEM and confocal
microscopy. A fewer number of internalized EM-ANPs+ATP compared to non-coated ANPs+ATP
was observed in HeLa and HEK-293 cells. Cell viability decreased up to 48.6%12.0% with a con-
centration of 400 UM ATP after 72 hours of treatment and cell death is caused mainly via apoptosis.
Conclusion: Our current results show that it is possible to obtain nanoparticles from highly
biocompatible, biodegradable materials and that their coating with EMs allows the regulation
of the internalization process in order to promote extracellular activity of ATP.

Keywords: ATP, albumin nanoparticle, erythrocyte membrane—coated nanoparticle, biomi-
metic nanoparticles

Introduction

ATP —produced by mitochondrial oxidative phosphorylation —serves as the main source
of energy for most cellular functions and it is consumed by many enzymes in the catalysis
of numerous chemical processes. In addition, in the past 25 years, there is compelling
evidence that ATP and related nucleotides serve as extracellular signals.! As purinergic
signals, both ATP and adenosine act as extracellular messenger molecules by binding
to P2-type (P2X and P2Y receptor families) and P1-type (Al, A2A, A2B, and A3)
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receptors, respectively.? These receptors are expressed in most
types of cells — both normal and cancerous — and have been
studied for their participation in purinergic signaling that has
a pathophysiological role in cancer and many other diseases.’

Rapaport*® was the first to demonstrate that the addi-
tion of exogenous ATP to pancreatic and colon cancer cells
inhibited cell growth by causing cell cycle arrest in the
S phase. Subsequent studies confirmed the antineoplastic
action of extracellular nucleotides in a plethora of cancer
types such as colorectal, leukemia, esophageal, squamous
cell skin, lung, cervical, prostate, bladder, retinoblastoma,
neuroblastoma, glioma, melanoma, and H35 hepatoma cells.®
Growth inhibition of cancer cells is caused by an increase
in extracellular ATP concentration that would be mediated
by the stimulation of several purinoreceptors such as P2XS5,
P2X7, P2Y1, P2Y2, and P2Y11. The stimulation of P2Y'1
and P2Y?2 receptors increases cellular cyclic AMP that leads
to proliferation arrest and, in some cases, produces apoptosis
in both melanoma and squamous skin cancer cells. The
stimulation of P2X5 and P2Y 11 produces cell cycle arrest,
thereby stopping proliferation and favoring cell differentia-
tion. Finally, the purinoreceptor P2X7 — the receptor of the
purinergic signaling pathway — is the most accepted mediator
of apoptosis or necrosis in different tumor cell lines.**

Despite the benefits that ATP exhibits for the treatment
of cancer, its major disadvantage is that it is rapidly degraded
when it enters the bloodstream, thus requiring high doses to
achieve its therapeutic effect. In vivo studies performed in mice
showed that daily doses of 25 mg/kg of ATP administered
intraperitoneally for 60 days significantly reduced tumor sizes
compared to the untreated group.” Moreover, clinical studies
have reported that cancer patients tolerate ATP well after intra-
venous administration, side effects are minimal, and cancer-
caused cachexia is decreased, which suggests that when used
in combination with another treatment ATP may contribute
to the reduction of side effects.!!? Recently, Rapaport et al
reported that the administration of ATP by continuous infusion
for 8 hours did not increase the extracellular ATP concentra-
tion, a finding that could be due to the fact that ATP is rapidly
metabolized by multiple ecto-ATPases, since erythrocytes can
sequester large amounts of the nucleotide for a later release.'
This type of administration represents a disadvantage for the
application of ATP in patients with cancer because it is not pos-
sible to raise the concentration of extracellular ATP required to
generate the anticarcinogenic effect. Therefore, administering
ATP as coated nanoparticles could be a reasonable alternative
to prevent its rapid metabolism.

The encapsulation of ATP in chitosan nanoparticles
has been reported. Hence, chitosan nanoparticles have

been prepared using a combination of techniques such as
W/O microemulsion, chemical cross-linking, and ionic
complexation. The resulting nanoparticles were approxi-
mately 110 nm in diameter, with a 20 mV surface zeta
potential (Z potential), an ATP loading efficiency of up to
40.6%—69.5%, and an in vitro release of ATP of up to 80%
in the first 24 hours. In addition, these nanoparticles could
be captured by Hep G2 tumor cells and could be applied for
the intracellular administration of drugs.'* The encapsulation
of ATP in chitosan nanoparticles by the ionotropic gelation
method for the treatment of ischemia and HIV infections or
to restore ATP levels in macrophages has also been reported.
ATP serves as a cross-linking agent, which bestows ATP
nanoparticles with high drug-trapping efficiency and a load-
ing rate of up to 44%. In addition, when chitosan was previ-
ously stabilized with Fe*, the stability of the nanoparticles
in physiological medium and their uptake by mouse J774
macrophages were improved.!>!¢ In all these applications,
ATP nanoparticles were used to achieve an increase in the
intracellular concentrations of the nucleotide.

This research aimed at finding a new way to deliver
ATP as an anticancer agent and to design and characterize a
drug-delivery system based on nanoparticles. Specifically,
we use nanoparticles made of albumin, characterized by
their biocompatibility, ease of preparation, high adsorption
capacity, and a sustained release rate over time, used for
medical purposes in humans.'”'® Nanoparticles were coated
with erythrocyte cell membranes to decrease their rate of cel-
lular internalization' as a desirable parameter for enhanced
extracellular activity of ATP in cancer therapy.

Materials and methods

Materials

Bovine serum albumin (BSA; fraction V) and adenosine
5’-triphosphate disodium salt hydrated were purchased
from Sigma (St Louis, MO, USA). CellTiter 96® AQueous
One Solution Cell Proliferation Assay was purchased from
Promega Corporation (Fitchburg, WI, USA). Ethanol and
other chemicals used to prepare phosphate buffers were of
analytical grade and obtained from Merck (Germany).

Preparation of nanoparticles

Synthesis of albumin nanoparticles (ANPs)

For the synthesis of ANPs, parameters such as albumin
concentration, pH values, and ethanol concentration, all
necessary to obtain nanoparticles with a size close to 200 nm
and with the lowest polydispersity, were optimized. For this
purpose, 10, 20, or 40 mg of BSA was weighed and dissolved
separately in 1 mL of distilled water with constant agitation

submit your manuscript

2434

Dove

International Journal of Nanomedicine 2019:14


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Diaz-Saldivar and Huidobro-Toro

on a magnetic stirrer at 800 rpm for 10 minutes. The pH of
the solution was adjusted to a range of 7-10 by adding 0.1 N
NaOH solution drops; the solution was then stirred under
the same conditions for additional 5 minutes, and absolute
ethanol was added by continuous dripping at a frequency of
1 mL/min and stirred until the solution turned turbid, which
indicated nanoparticle formation. The suspension was cen-
trifuged at 13,000 rpm, the supernatant was discarded, and
the isolated nanoparticles were resuspended in water; this
procedure was repeated three times.

Synthesis of ANPs+ATP

For the synthesis of ANPs loaded with ATP, 10 mg of bovine
serum albumin was weighed and dissolved in 1 mL of water,
with constant agitation on a magnetic stirrer at 800 rpm for
10 minutes. The pH of the solution was then adjusted to 9
by adding 50 uL of 0.1 N NaOH and the solution was stirred
under the same conditions for additional 5 minutes. Absolute
ethanol was then added by continuous dripping at a flow
of 1 mL/min and stirring until the solution turned cloudy.
Then the nanoparticles were centrifuged at 13,000 rpm in
a benchtop centrifuge, the supernatant was discarded, and
they were resuspended in distilled H,O; this procedure
was repeated three times. The nanoparticles obtained were
resuspended in a 1 mL phosphate-buffered saline solution
(PBS, pH 7.0) with 5 mg/mL of ATP and incubated under
agitation for 2, 4, 12, 24, or 48 hours to allow the adsorp-
tion of ATP on the ANPs. The amount of adsorbed ATP
was determined by measuring the concentration of ATP
present in the supernatant after different incubation times
using a UV/Vis spectrophotometer at 257 nm (SmartSpec
Plus Spectrophotometer; BioRad, Hercules, CA, USA). The
ATP-loading content and encapsulation efficiency were
calculated as follows:

Encapsulation efficiency
_ Drug added — Free “unentrapped drug” o
Drug added

100

The nanoparticles obtained were characterized by trans-
mission electron microscopy and dynamic light scattering.

Coating of ANPs+ATP with erythrocyte

membranes (EMs)

Animal protocols were carried out according to the Guide
for the Care and Use of Laboratory Animals from National
Research Council, and the study was previously approved by
the Institutional Ethics Committee from the Universidad de
Santiago de Chile (Santiago, Chile). Adult male Balb C mice

were obtained from the Instituto de Salud Publica de Chile
and housed in a temperature and humidity-controlled room
with a 12-hour light—dark cycle. The EMs were obtained
according to the protocol of Hu et al' with some modifica-
tions. To obtain EMs, 1 mL of mice blood was collected in an
EDTA tube and then centrifuged at 2357 rpm for 4 minutes at
4°C to separate the serum from the cell fraction. The serum
was removed and the erythrocytes were resuspended in 1 mL
of PBS, pH 7.0, and this procedure was repeated twice. Then
the erythrocytes were placed in hypotonic 0.25x PBS and
kept in an ice bath for 60 minutes to lyse the erythrocytes
and eliminate the cytoplasmic content. They were washed
twice under the same conditions as mentioned previously.

Since the erythrocyte plasma cell membrane contains
enzymes that degrade ATP (known as ecto-ATPases), it
became necessary to inactivate these enzymes prior to the
coating of the nanoparticles loaded with ATP. Lysed eryth-
rocytes were subjected to different temperatures (45, 50,
or 56°C) for 30 minutes in order to determine the optimal
temperature for the inactivation of the enzymes without loss
of the morphology of the lysed erythrocytes. To verify the
inactivation of the ecto-ATPases, heat-treated lysed erythro-
cytes were incubated with an ATP solution of 100 pug/mL in
PBS for 1 hour at 37°C. After incubation, lysed erythrocytes
were centrifuged and the supernatants were used to detect and
quantify ATP concentration by HPLC. Likewise, in order to
verify that lysed erythrocytes maintained their structure and
morphology after the heat treatment, observations of the dif-
ferent samples were made by field microscopy. Once empty
erythrocyte “ghosts” were obtained, they were resuspended
in 1 mL of PBS at pH 7.2 and sonicated in a bath sonicator
(Branson 2200; Emerson, St Louis, MO, USA) with a fre-
quency of 47 kHz and a power of 154 W for 5 minutes. The
obtained “ghosts” of EMs were extruded through a poly-
carbonate membrane of 400 nm, and subsequently through
a second membrane of 200 nm of porosity with the help of a
miniextruder (Avanti Polar Lipids, Alabaster, AL, USA) and
reserved to coat the ANPs.

To coat the nanoparticles, 100 UL of the suspension of
processed EMs was added to 1 mL of ANPs+ATP suspen-
sion. This mixture was then extruded 15 times through a
polycarbonate membrane of 200 nm with the aid of a miniex-
truder. The resulting nanoparticles were washed with PBS
by centrifugation and reserved for use.

Nanoparticle characterization

Nanoparticle morphology was determined by electron
microscopy; observations were performed in a Hitachi
transmission electron microscope (Hitachi, Tokyo, Japan).
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Measurements of the diameter of the nanoparticles were taken
to determine size distribution. Nanoparticle samples were
placed on copper grids and dried at room temperature before
observation. The nanoparticles were placed in a 300-mesh
copper grid coated with carbon (Ted Pella Inc., Altadena,
CA, USA). To assess size distribution, the diameters of 300
nanoparticles randomly chosen in different microscopic
fields were measured.

Hydrodynamic size and the Z potential of the nanopar-
ticles were determined by dynamic light scattering and elec-
trophoretic mobility principles using the Zetasizer Nano ZS
analyzer (Malvern Instruments Ltd, Malvern, UK) operating
at a wavelength of 633 nm and a fixed dispersion angle of
173° to measure the nanoparticle dimensions. A 1 mL aliquot
of each suspension was placed in a disposable polycarbonate
cuvette (DTS 1061; Malvern). All measurements were made
at a constant temperature of 25°C and pH 7.4. Measurements
of both the empty EMs and the nanoparticles were taken.

Stability in PBS, water, and cell culture medium was
assessed by monitoring particle size using dynamic light scat-
tering. Specifically, | mg of nanoparticles was suspended in
1 mL of PBS, water, or cell culture medium and the sizes were
measured at room temperature on days 1, 3, 7, and 15.202

In vitro ATP release study

To assess the rate of ATP release from the EM-ANPs+ATP,
an in vitro release study was performed using nanoparticles
with and without EM coating. Eppendorf tubes containing
10 mg of EM-ANPs+ATP nanoparticles dispersed in a total
volume of 1 mL of PBS (pH 7.4) were placed in a shaking
bath at 37°C under constant agitation. At predetermined
time intervals, samples were centrifuged at 10,000 g for
10 minutes and 100 uL of the collected supernatant was
mixed with 100 uL ofa 10% trichloroacetic acid solution and
incubated for 20 minutes to precipitate the sample proteins;
this mixture was centrifuged at 10,000 g for 10 minutes. The
collected supernatant was diluted in 800 UL of distilled water
and the amount of ATP in the samples was determined by a
UV/Vis spectrophotometer at 257 nm, using the procedure
described above.

Cell uptake

Cellular uptake of ANPs+ATP and EM-ANPs+ATP was
analyzed by confocal microscopy as described with some
modifications.?> HeLa and HEK-293 cell lines (obtained
commercially from ATCC) were cultured on coverslips in
12-well plates with 1 mL of DMEM culture medium supple-
mented with 1 mM sodium pyruvate, 100 IU/mL penicillin,
100 pug/mL streptomycin, and 10% fetal bovine serum and

kept in a humid environment at 37°C with 95% air and
5% CO,. ANPs+ATP with or without EMs coating were
used. Uncoated ANPs+ATP were labeled with the green
fluorescence dye Alexa fluor 488 NHS Ester (Thermo Fisher
Scientific, Waltham, MA, USA). The succinimidyl esters
(NHS esters) of the Alexa Fluor form a very stable amide
bond between the dye and the protein. Amine-reactive
reagents react with non-protonated aliphatic amine groups,
including the amine terminus of proteins and the e-amino
group of lysines.** The e-amino group has a pK_ of around
10.5; in order to maintain this amine group in the non-
protonated form, the conjugation must take place in 0.1 M
sodium bicarbonate buffer at pH 8.3 for 1 hour. Coated
EM-ANs+ATP were labeled with the red fluorescence dye
1,1’-dioctadecyl-3,3,3’,3"-tetramethyl lindodicarbocyanine,
4-chlorobenzenesulfonate salt (DiD; Thermo Fisher Scien-
tific). After the cultured cells reached 50% confluence, culture
medium was removed and replaced with unsupplemented
medium with 10 ng/mL of fluorescent nanoparticles. After
4 hours of incubation, living cells were stained with 10 pg/mL
of Hoechst (Thermo Fisher Scientific) in PBS for 10 minutes.
Cells were fixed with 2% paraformaldehyde and mounted
with 1,4-diazabicyclo[2.2.2]octane solution (Dabco; Sigma)
to be subsequently observed under confocal microscopy. The
samples of nanoparticles and cells were observed and ana-
lyzed using 488 nm excitation for nanoparticles with Alexa
fluor and 556 nm excitation for nanoparticles with DiD under
a Zeiss confocal laser scanning microscope, model LSM 800
(Carl Zeiss, Jena, Germany). Serial section photographs of
the cells were captured every 1 um and up to 10 um deep
(Z axis) in order to observe variations in distribution of the
nanoparticles inside the cells.

Cell viability assay

Cytotoxicity of free ATP and ATP-loaded nanoparticles
against HeLa cell line was assessed using [3-(4,5-
dimethylthiazol- 2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)- 2H-tetrazolium, inner salt (MTS) cell
proliferation assay (CellTiter 96® AQueous One Solution
Cell; Promega Corporation). Cells were first seeded (~5x10?
per well) in 96-well plates and incubated overnight. After
the addition of free ATP or EM-ANPs+ATP, cells were
incubated for additional 72 hours. Cell viability was then
determined by using a tetrazolium compound (MTS) follow-
ing the protocol provided by the manufacturer.

Apoptosis and necrosis study
After treatment of HeLa cells with 40, 200, and 400 uM
of EM-ANPs+ATP and 3.7 mM of ATP for 72 hours,
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apoptosis or necrosis occurrence was evaluated using the
Dead Cell Apoptosis Kit with Annexin V Alexa Fluor 488
and propidium iodide (PI) (Thermo Fisher Scientific) as
described.” Cells were harvested using 0.25% trypsin solution
and resuspended in Annexin binding buffer at a concentra-
tion of 2x10° cells/mL. Five microliters of Annexin V Alexa
Fluor 488 conjugate and 1 uL of PI working solution were
added to 100 pL of the cell suspension and incubated for
15 minutes. After addition of 200 UL of Annexin V binding
buffer, the samples were analyzed using a BD Accuri™ C6
Flow Cytometer (BD Biosciences, San Jose, CA, USA).
Untreated HeLa cells were used as negative control and
HeLa cells pretreated with 500 uM of H,O, were used as
positive control.

Statistical analysis

Data were presented as mean and standard error of mean. All
the data were first subjected to Shapiro—Wilk normality test
and it was found that the data were not normally distributed;
hence, statistical analysis was carried out by non-parametric
Kruskal-Wallis test followed by Dunn’s post hoc test using

GraphPad Prism (version 5; GraphPad Software, Inc., La
Jolla, CA, USA). A P-value =0.05 was considered statisti-
cally significant.

Results
Preparation of EM-ANPs+ATP
Different preparation techniques of ANPs have been
described, with the method of desolvation being the most
reported.?® In the desolvation process, nanoparticles are
obtained by a continuous dropwise ethanol addition to an
aqueous solution of albumin under continuous stirring until
turbidity. During the addition of ethanol, albumin is phase-
separated due to its poor water solubility.?” Nanoparticle size
is affected by the pH and concentration of the albumin solution
and the volume of ethanol added to form the nanoparticles.?
Variations in albumin concentration increased the size
of the nanoparticles. As described in Figure 1, an average
nanoparticle size of 224.4+6.9 nm was achieved with a
polydispersity index of 0.23+0.024 using 10 mg/mL of BSA,
which indicates that they are monodisperse nanoparticles
and hence the value was <0.3. By increasing the albumin
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Figure | The optimal values for albumin concentration (A), pH (B) and ethanol volume (C) were selected based on a particle diameter (blue lines) close to 200 nm and

polydispersity index (red lines) close to 0.1. Data are shown as mean + SEM (n=6).
Abbreviations: ANPs, albumin nanoparticles; SEM, standard error of mean.
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concentration to 20 and 40 mg/mL, sizes of 350.5+17.9 and
559.1422.1 nm were obtained, with a polydispersity index of
0.13520.01 and 0.445%0.06 nm, respectively. For subsequent
experiments, a concentration of 10 mg/mL was used since
nanoparticles with the smallest average size were obtained.

The pH value of the albumin solution is a factor that
strongly influenced the nanoparticle size distribution.
At pH 7.0, an average size of 313.2+3.4 nm was observed,
whereas at pH values of 8, 9, and 10, a decrease in size
was observed as the pH became more alkaline. To keep the
nanoparticle size close to 200 nm, a pH of 9.0 was chosen
for the albumin solutions to be used in subsequent experi-
ments. Regarding the polydispersity index, values <0.1 were
observed for all groups, which indicate that they are mono-
disperse nanoparticles. The sizes of ANPs in nanometers
and the values of the polydispersity index are summarized
in Figure 1.

The volume of the ethanol added to the mixture also
influenced the size of the nanoparticles, since they tended
to aggregate when the alcohol volume was larger. Accord-
ing to the results obtained, the best volume of ethanol for
albumin precipitation and nanoparticles formation fell within
arange of 2-3 mL.

The ATP was loaded to the nanoparticles by incubation
with agitation for different time periods. A gradual increase
in the amount of loaded ATP was observed as the incubation
time increased, reaching 84.4%x1.7% at 48 hours of incu-
bation (Figure 2). The amount of ATP loaded by 48 hours
was 390.1£8.2 ug/mg of nanoparticles (Figure 2), which
represents a loading capacity of 39%.

EMs were obtained by hypotonic treatment with
0.25x PBS, which was effective in lysing the erythrocytes
(Figure 3A). Lysed erythrocytes maintained the shape and
size similar to the untreated erythrocytes, although a loss of

100 - 500
)
c — 804 L 400 E
S S
=~ -
© o L
3§. 60 0 g
7] —
§-g 40 -200§
c & L
w @ - L 100
S
a
0- . . —L 0

2 4 12 24 48
Incubation time (hours)

Figure 2 Encapsulation efficiency (red line) and drug loading (blue line) of ATP in
ANPs at different times. Best results were obtained after 48 hours of incubation.
Data are shown as mean + SEM (n=5).

Abbreviations: ANPs, albumin nanoparticles; SEM, standard error of mean.

cytoplasmic content was observed, thus turning the solution
clearer. Regarding the effect of temperature on the stability
of EMs after ecto-ATPases inhibition, it was observed that
the structure of the membranes was maintained up to 45°C
(Figure 3B), a temperature that was also sufficient to inhibit
the activity of ecto-ATPases since ATP concentrations did
not decrease in comparison to control treatment (ATP solu-
tion without EMs; Figure 3C). A significant reduction in ATP
concentration was observed only in the solution incubated
with EMs without heat treatment (EMs 25; Figure 3C). EMs
coating contributed to increased stability of the nanoparticles
and, therefore, it was not necessary to use cross-linking
agents such as glutaraldehyde that has been widely reported
as a stabilizing agent for ANPs obtained by the desolvation
method.?® This procedure permitted to increase the biocom-
patibility of the nanoparticles.

Nanoparticles characterization

The morphology and covering of nanoparticles were deter-
mined and characterized by electron and confocal microsco-
pies (Figure 4). EMs covering ANPs+ATP were identified
by the presence of a halo surrounding the nanoparticles in
electron microscopy (Figure 4A) and by the colocaliza-
tion of the fluorophores Alexa Fluor 488 (ANPs+ATP)
and DiD (EMs) in confocal microscopy (Figure 4B). The
average size of nanoparticles by electron microscopy was
98.2+1.42 nm for ANPs+ATP and 102.6£1.67 nm for
EM-ANPs+ATP (Figure 4C), which indicates that EM
coating did not influence size. The hydrodynamic size
was also determined; it was observed that the size of the
obtained nanoparticles was close to 200 nm, with values
of 176.814.9, 182.2+4.7, and 208.0£10.8 nm (mean * SE)
for ANPs, ANPs+ATP, and EM-ANPs+ATP, respectively
(Figure 5).

The Z potential showed that ANPs had a positive surface
charge, which turned into negative after ATP absorption and
membrane coating (results are summarized in Table 1). The
surface Z potential of ANPs changed from +17.8320.35 mV
to —13.601£0.48 mV in ANPs+ATP to —13.71£0.29 upon
fusing with the EM vesicles. At neutral pH, all oxygen
ions of the phosphate of ATP are negatively charged, so in
consequence triphosphate chains repel each other.” Some of
these phosphate groups may be present on the nanoparticle
surface after the loading process, thus changing the Z poten-
tial values from positive to negative. EM vesicles alone
have a negative charge similar to erythrocyte cells, which
create a repulsive electric Z potential between cells.*® This
property is maintained after the process of ANPs coating so
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ATPmg/mL O

Figure 3 Stability of the EMs after heat treatment to inhibit the activity of ecto-ATPases. Deprivation of erythrocyte contents was verified by changes in the morphology.
(A) Normal erythrocyte (Aa) became transparent (Ab) after hypotonic treatment. The structure of the EMs after heat treatment was observed to be stable only at 45° (Ba),
but not at 50° (Bb) or 56°C (Bc). Degradation of ATP by erythrocyte ecto-ATPases of cell membrane was inhibited post-thermic treatment. (C) Significant differences were
found only in the concentration of ATP from the solution incubated with EMs without heat treatment (EMs 25°C). The concentrations of ATP for EMs at 45°C and at EMs
50°C were similar to the value of the ATP solution without EMs incubation (control). Data are shown as mean + SEM (n=4). *P-values =0.05.

Abbreviations: EMs, erythrocyte membranes; SEM, standard error of mean.

that the stability and dispersion of the obtained nanoparticles
are favored.

The stability of EM-ANPs+ATP was also analyzed.
For this, nanoparticles were maintained in PBS, water, or
cell culture medium and hydrodynamic size measurements
were assessed during 1, 2, 4, 7, and 15 days after synthesis.
The size tended to increase over time at a percentage of
11.3, 6.4, and 8.7% on days 4, 7, and 15, respectively, in
water suspension vs PBS or cell culture medium suspension.
An increase in nanoparticle size could be due to the fact that
albumin and EMs, considering their biological origin, have
better stability in isotonic and neutral pH solutions similar
to PBS and cell culture medium, thus making nanoparticles
more stable in these solutions. Data shown in Figure 6 also
depicts the values of the polydispersity index.

In vitro drug release

The release of ATP from EM-ANPs formulations was
assessed in PBS at 37°C. The drug release was determined at
predetermined intervals up to 5 days. The cumulative percent-
age of released ATP is shown in Figure 7. Both ANPs+ATP
and EM-ANPs+ATP formulations exhibited controlled
release up to 5 days. In the first 2 hours, a rapid release of
ATP loaded on both ANPs+ATP (16.25%=*1.12%) and EM-
ANPs+ATP (8.75%%0.64%) was observed. Subsequently,

the release rate became slower, reaching a maximum of
35.25%%0.74% for ANPs+ATP and 24.25%%0.99% for
EM-ANPs+ATP on the fifth day of evaluation, thus validat-
ing the use of the EM coating.

In both cases, the drug appeared to be released in a
biphasic way, characterized by an initial rapid release
period followed by a step of slower release. Drug release
from nanoparticles is a process attributed to diffusion fol-
lowing dissociation of the albumin molecules forming the
nanoparticle.’! The initial drug release can be considered a
burst release of deposited or weakly bound drug molecules
on the surface of nanoparticles. The cumulative release was
greater in ANPs+ATP than in EM-ANPs+ATP, which likely
could be due to the fact that the EMs coating contribute to
the stability of the nanoparticle by affecting the dissociation
of albumin molecules in the nanoparticles due to its lipidic
component. EMs coating would slow down the diffusion rate
of ATP, which is a highly water soluble molecule.

Nanoparticles uptake by cells

To validate whether the nanoparticles are of future clinical
use, we next assessed whether the ANPs+ATP or EM-
ANPs+ATP were uptaken by normal or cancer cells.
The intracellular distribution of internalized ANPs+ATP
with or without coating was analyzed using confocal
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Figure 4 Shape and size of the ANPs+ATP and EM-ANPs+ATP analyzed by TEM. Nanoparticles obtained were spherical. (A) Changes were also observed on the surface
of the ANPs+ATP after being coated with EMs; while the ANPs+ATP showed a smooth homogeneous surface (Aa), the EM-ANPs+ATP (Ab) presented a rough surface due
to the presence of the EMs (arrows). Coating of nanoparticles was also confirmed by confocal microscopy where colocalization of the fluorescent dyes used to label ANPs
and EMS was observed (B). Size distribution showed similar diameters between ANPs+ATP (Ca) and EM-ANPs+ATP(Cb) (C).

Abbreviations: ANPs+ATP, ATP-carrying albumin nanoparticles; EM, erythrocyte membranes; EM-ANPs+ATP, ATP-carrying albumin nanoparticles coated with erythrocyte

membranes; SEM, standard error of mean; TEM, transmission electron microscopy.

laser microscopy. The results showed a higher uptake of
ANPs+ATP compared to EM-ANPs+ATP in HEK-293
and HeLa cells (Figure 8). Comparison of uptake by both
types of cells showed that HeLa cells internalized a greater
amount of ANPs+ATP and EM-ANPs+ATP than HEK-293

did. Perinuclear fluorescence observed in median optical
slices showed that the nanoparticles were distributed in
the cell cytoplasm rather than merely bound to the cell
membrane (Figure 8A and B). Fluorescence intensity mea-
surements in different cells of both cell lines confirmed
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Figure 5 Characterization of hydrodynamic size of different components of the
nanoparticles by DLS. Sizes were similar between ANPs, ANPs+ATP, and EM-ANPs.
Data are shown as mean + SEM (n=4).

Abbreviations: ANPs, albumin nanoparticles; ANPs+ATP, ATP-carrying albumin
nanoparticles; EM, erythrocyte membranes; EM-ANPs+ATP, ATP-carrying albumin
nanoparticles coated with erythrocyte membranes; DLS, dynamic light scattering;
SEM, standard error of mean.

that EM-ANPs+ATP were internalized by cells in a smaller
proportion than ANPs+ATP (Figure 8C). This result revealed
that coating with EMs increased the internalization time
of the nanoparticles, thus favoring the extracellular ATP
release. This functionalization strategy enables erythrocyte
transmembrane proteins anchored in their natural lipid envi-
ronment to be present on nanoparticle surfaces and many
of these proteins act as recognition factors by other cells,
allowing regular processes of cellular internalization.*

Cell viability assay

To assess the critical relevance of clinical use of ANPs,
the therapeutic potential of the EM-ANPs+ATP on HelLa
cell line survival and growth was examined. HeLa cells
express purinergic P2X5, P2X7, P2Y1, P2Y2, and P2Y11
receptors involved in cell cycle arrest and growth inhibition

Table | Zeta-potential values were negative except for ANPs

Samples Z potential (mV)
ANPs 17.83£0.35
ANPs+ATP —13.60+0.48

EM vesicles —11.13£0.52
Ghosts —6.10£0.39
EM-ANPs+ATP —-13.71+£0.29

Note: Data are shown as mean + SEM (n=4).

Abbreviations: ANPs, albumin nanoparticles; ANPs+ATP, ATP-carrying albumin
nanoparticles; EM, erythrocyte membranes; EM-ANPs+ATP, ATP-carrying albumin
nanoparticles coated with erythrocyte membranes; SEM, standard error of mean.
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Figure 6 Stability of nanoparticles was analyzed by determining the size by DLS.
A significant increase in particle diameter (blue lines) was observed on days 4, 7 and
15 in water suspension vs PBS or cell culture medium suspension. Polydispersity
index (red lines) increased significantly only on day |5 in water suspension. Data are
shown as mean £ SEM (n=5). *P-value =<0.05.

Abbreviations: DLS, dynamic light scattering; SEM, standard error of mean.

by increasing the concentration of extracellular ATP 23833
Different concentrations of free ATP inhibited the growth of
HeLa cells, after a 48-hour treatment with an IC,  of 3.82 mM
and after a 72-hour treatment with an IC, of 2.38 mM
(Figure 9A). Treatment with EM-ANPs+ATP after 48 hours
did not show signals of cell growth inhibition; however, after
72 hours, a diminution of cell viability up to 48.6%%2.0%
with 400 uM of ATP loaded in nanoparticles was registered
(Figure 9B). The IC,, of EM-ANPs+ATP was 0.039 mM,
almost 100 times lower than the IC, of free ATP. The release
of therapeutic compounds in a sustained manner by EM-ANPs
reduces the required dosing and improves treatment efficacy.

Apoptosis and necrosis study

In order to determine the possible mechanism of cell death,
the effect of different concentrations of EM-ANP+ATP after
a 72-hour treatment in HeLa cells was evaluated by Annexin
V/PI assay. A significant reduction in the percentage of
viable cells was observed in all the groups treated with EM-
ANP+ATP in comparison to the control group. Interestingly,
a 40-fold augmentation in the proportion of apoptotic cells
was observed with EM-ANP+ATP 40 uM when compared
with EM-ANP+ATP 200 and 400 uM. These results with
EM-ANP+ATP 40 uM are similar to those registered for
the treatment with free ATP, where a greater proportion of
apoptotic cells —rather than necrotic cells —was also observed,
which is in agreement with the previous reports.** With EM-
ANP+ATP 200 and 400 M, a significant and dose-dependent
increase in the proportion of necrotic cells was observed, while
the H O,-treated positive control showed a larger number of
apoptotic vs necrotic cells (Figure 10A and B).
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Discussion
Nanoparticles interacting with cells and the extracellular
environment can trigger a sequence of biological effects.
These effects largely depend on the dynamic physicochemical
characteristics of nanoparticles, which determine properties
such biocompatibility.* In drug delivery, the nanoparticle’s
biocompatibility is important to ensure safe drug release
and minimize cytotoxicity.*® We report the preparation and
characterization of nanoparticles made with albumin, the
most abundant plasma protein, and EMs — biomimetic-coated
components that are produced by the body itself and therefore
having a high biocompatibility and biodegradability. Impor-
tant properties of the nanoparticles were characterized and
described, such as size, shape, surface charge, and coating
with the EMs. We observed that the surface charge of our
ANPs changed from positive to negative after the loading of
the ATP, which could be due to the fact that at neutral pH
(pH 7), the ATP triphosphate chains repel each other as all
oxygen ions of the phosphate groups of ATP are negatively
charged. Some of these phosphate groups may be present
on the nanoparticle surface after the loading process, thus
changing the Z potential values from positive to negative.
ATP exerts its antitumor effect by binding to receptors
present in the cell plasma membrane, but its potential as a
chemotherapeutic agent is low because ATP has a very short
half-life due to the different types of enzymes that metabolize
and degrade it.*” Therefore, to promote its use as chemother-
apy, it is necessary to design strategies that prevent its rapid
enzymatic degradation and increase its accumulation in the

extracellular space. Our strategy to avoid its rapid enzymatic
degradation was designing ANPs capable of loading and
releasing ATP. Over the past decades, albumin has emerged
as a versatile carrier for therapeutic and diagnostic agents,
primarily for diagnosing cancer and other diseases.*® Thanks
to these characteristics, added to its high biocompatibility,
albumin was selected to obtain nanoparticles loaded with
ATP. In order to increase its accumulation in the extracel-
lular space, we used coatings of EMs. Our results showed
that this type of coating regulates the release rate of the
nanoparticles, allowing controlled ATP release in time and
at lower concentrations compared to uncoated nanoparticles.
The erythrocyte plasma membrane exhibits different types of
molecules that participate in the recognition of the own body
components by the immune system; one of these molecules,
CD47, interacts with signal regulatory protein o receptors on
macrophages, sending a negative signal to macrophages that
protects erythrocytes from phagocytosis.** The coating with
an erythrocyte’ plasma membrane confers the same proper-
ties on the nanoparticles, thereby extending their circulation
time. Our results of cellular uptake showed that there was an
increase in internalization time of non-coated nanoparticles
in comparison with coated nanoparticles. Different experi-
ments related to cellular uptake have confirmed the effect of
physicochemical properties, such as size, shape, and surface
modification, on the status of cell-nanoparticles interactions.*
Likewise, a greater ANP uptake was observed in HeLa cells
compared with HEK-293 cells. Zhang et al reported that
changes in Z potential of the normal and cancer cells after
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Figure 8 Nanoparticle uptake assay in HeLa and HEK-293 cells. To demonstrate that nanoparticles can be internalized into normal or cancer cells, fluorescent ANPs+ATP
labeled with Alexa Fluor 488 (A) and EM-ANPs+ATP labeled with DiD (B) were prepared. Analysis by confocal microscopy revealed a lower number of internalized EM-
ANPs+ATP nanoparticles in normal and cancer cells (C), suggesting a longer circulation time for these nanoparticles. A higher proportion of ANPs+ATP and EM-ANPs+ATP
was observed in Hela cells vs HEK-293 cells Data are shown as mean + SEM (n=50), *P-value =<0.05, ***P-value <0.001.

Abbreviations: ANPs+ATP, ATP-carrying albumin nanoparticles; EM-ANPs+ATP, ATP-carrying albumin nanoparticles coated with erythrocyte membranes;
SEM, standard error of mean.
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Figure 9 Effects of free or loaded ATP on Hela cells growth. Effect of free ATP on Hela cell viability was observed after 48 and 72 hours of treatment (A). Cells were
incubated in absence or presence of different concentrations of EM-ANPs+ATP for 48 and 72 hours, and the proportion of living cells was determined by MTS assay (B).
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Abbreviations: EM-ANPs+ATP, ATP-carrying albumin nanoparticles coated with erythrocyte membranes; IC, half maximal inhibitory concentration; SEM, standard error

of mean.

incubation with nanoparticles were produced by a combi-
nation of binding and internalization effects to the overall
nanoparticle uptake process.*’ Changes in surface charge
of the cells and cell-nanoparticle interface might affect the
internalization patterns and favor a greater uptake by cancer
cells vs normal cells as we observed, a phenomenon that
could be beneficial for future treatments in vivo. Therefore,
the EM coating is not only able to regulate the rate of ATP
release but also able to decrease the rate of internalization of
the nanoparticles, and this could be reflected as an increased
accumulation of ATP in the extracellular space necessary to
optimize its pharmacological activity.

Cellular viability assays showed that the anticancer
activity of ATP loaded on nanoparticles is augmented
compared to that of free ATP. The IC,  of ATP loaded in
nanoparticles was almost 100 times lower; however, because
it has slow release, its antitumor activity could be observed
only after 72 hours as opposed to the activity of free ATP,

which can decrease cell viability after 48 hours. The observed
enhancement in efficacy to decrease the cellular viability
could be likely attributed to decreased endocytic uptake of
EM-ANPs+ATP, which permits to increase the concentration
of extracellular ATP. On the other hand, several previous
reports have shown enhanced cytotoxicity of different drugs
through nanoparticle-based delivery.*? Free ATP needs to
be at higher concentrations to produce toxicity because it is
quickly degraded by ecto-ATPases present on cell surfaces,
but the encapsulation of ATP allows the concentration neces-
sary to produce toxicity in the cells to decrease, which could
be due to the fact that ATP is protected from the action of
ecto-ATPases.** Apoptosis and necrosis assay in HeLa cells
showed that with ATP 3.7 uM (IC, ) the proportion of cells
undergone apoptosis was greater than cells undergone
necrosis and that the percentage of living cells was similar
to the values obtained with MTS assay. Results with EM-
ANP+ATP 200 and 400 uM showed an inhibitory effect on
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Figure 10 Analysis of apoptosis and necrosis induced by EM-ANPs+ATP by flow cytometry. Hela cells were treated with 0, 40, 200, and 400 uM EM-ANPs+ATP, 3.7 mM
of free ATP and 500 uM of H,O, as positive control, for 72 hours. The acquisition data were divided into four quadrants according to the type of fluorescence emitted
from the cells: Q2-UL calculates the percent of cells undergoing apoptosis (Annexin V), Q2-UR calculates the percent of cells undergoing late apoptosis or induced necrosis
(Annexin V and propidium iodide), Q2-LL calculates the percent of cells with no fluorescence, and Q2-LR calculates the percent of cells undergoing necrosis induced by the
different treatments (A). Results with EM-ANP+ATP 200 and 400 uM showed an increase in the percentage of necrotic cells compared to free ATP (B). Data are shown
as mean + SEM (n=3).
Abbreviations: EM-ANPs+ATP, ATP-carrying albumin nanoparticles coated with erythrocyte membranes; SEM, standard error of mean; EM, erythrocyte membrane.

cell growth via necrosis; this variation could be due to the
effect produced by the encapsulation of ATP since similar
concentrations of free ATP did not produce the same effect.
In contrast to the treatment with free ATP — where a single
dose of a unique concentration is applied at the beginning

of treatment — the treatment with EM-ANP+ATP produces
a constant release of this molecule during the entire assay as
revealed by the release experiments and thus could have aug-
mented the number of necrotic cells. EM-ANP+ATP 40 uM
did not show this pattern probably because the dose was too
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low to produce such changes. The current study suggests that
EM-ANPs+ATP, with controlled drug release and low rate
of cell internalization, may become a promising new cancer
treatment. Future studies are warranted to investigate the
therapeutic potential of these nanoparticles in in vivo models.

Conclusion

In this study, EM-ANPs were developed as a delivery vehicle
for ATP to promote its use as an anticancer agent. The pH
and concentrations of albumin and ethanol influence the size
and particle yield of ANPs. Loading ATP into ANPs was
characterized and the in vitro drug-delivery studies indicated
a controlled slow release profile that improved after coating
with EMs. Likewise, coating with EMs increased the time
of internalization, favoring the extracellular release of ATP.
EM-ANPs+ATP reduced the concentrations of ATP needed
to decrease cell viability and exhibited higher toxicity in
comparison with free ATP. With further development, these
EM-ANPs+ATP are expected to become a strategy for drug
delivery of ATP in cancer treatment.
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