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Enhanced anti-angiogenic effects
of aprepitant-loaded nanoparticles
in human umbilical vein endothelial
cells

Elif Kaya-Tilki'*!, Ahmet Alper Oztirk?, Selin Engir-Oztirk? & Mirig Dikmen?

Recent advancements in cancer therapy have led to the development of novel nanoparticle-based
drug delivery systems aimed at enhancing the efficacy of chemotherapeutic agents. This study
focuses on evaluating aprepitant-loaded PLGA and Eudragit RS 100 nanoparticles for their potential
antiangiogenic effects. Characterization studies revealed that aprepitant-loaded nanoparticles
exhibited particle sizes ranging from 208.50 to 238.67 nm, with monodisperse distributions (PDI<0.7)
and stable zeta potentials (between - 5.0 and - 15.0 mV). Encapsulation efficiencies exceeding 99%
were achieved, highlighting the efficacy of PLGA and Eudragit RS 100 as carriers for aprepitant.
Cellular uptake studies demonstrated enhanced internalization of aprepitant-loaded nanoparticles
by HUVEC cells compared to free aprepitant, as confirmed by fluorescence microscopy. Furthermore,
cytotoxicity assays revealed significant dose-dependent effects of aprepitant-loaded nanoparticles
on HUVEC cell viability, with IC;, values at 24 h of 11.9 pg/mL for Eudragit RS 100 and 94.3 pg/

mL for PLGA formulations. Importantly, these nanoparticles effectively inhibited HUVEC cell
migration and invasion induced by M2c supernatant, as evidenced by real-time cell analysis and gene
expression studies. Moreover, aprepitant-loaded nanoparticles downregulated VEGFA and VEGFB
gene expressions and reduced VEGFR-2 protein levels in HUVEC cells, highlighting their potential

as antiangiogenic agents. Overall, this research underscores the promise of nanoparticle-based
aprepitant formulations in targeted cancer therapy, offering enhanced therapeutic outcomes through
improved drug delivery and efficacy against angiogenesis.
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Modern chemotherapy has a long history, with advances accelerating in recent years. Effective pharmacological
therapy has traditionally relied on using sufficiently large dosages of a cytotoxic agent, which kills rapidly divid-
ing cells and significantly shrinks the tumor. This strategy is not always effective, though, as the majority of such
drugs do not specifically target cancer cells and frequently have negative side effects'. Targeted medicines with
cancer cell selectivity have lately been introduced into clinical practice. The majority of these are cytostatic in
nature, affecting cell signaling and replication but do not result in an immediate reduction in tumor burden?®.
At low doses and on cells resistant to apoptosis, cytotoxic compounds can produce stasis, but cytostatic actions
typically result in cell death in any cell that is not in stationary phase®. These two mechanisms of action, however,
have distinct impacts on the underlying cell population dynamics. For these reasons, as well as a lack of selectivity
and substantial side effects, cytostatics are today’s medications but not tomorrow’s, and new anticancer strategies
must be developed. A good alternative is aprepitant, a neurokinin-1 receptor (NK-1R) antagonist with anticancer
and antiemetic activity that is safe to use and has minimal side effects. In this context, nanoparticles were syn-
thesized using the nanoprecipitation method, chosen for its ability to enhance safety, and therapeutic efficacy*°.

Peptides secreted by tumors are of interest because they have the potential to facilitate the diagnosis of
tumors and to be targeted in therapy. Furthermore, data suggests that these peptides may contribute to cancer
progression. Substance P (SP) is a neuroactive peptide that was discovered in the nervous system and is thought
to function as a neurotransmitter/neuromodulator’. SP has been demonstrated to promote tumor mass growth
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and activation of tumor cell migration (required for invasion and metastasis) via its mitogenic capabilities and
stimulation of endothelial cell growth (angiogenesis) by binding to the NK-1R®*. Tumors must rapidly establish a
new vascular network to support the high growth rate of cancer cells, a process known as angiogenesis, which is
defined as the formation of new blood vessels from pre-existing vessels. Tumor cells secrete large amounts of pro-
angiogenic substances, which lead to the creation of an abnormal vascular network characterized by disordered,
immature, and permeable blood vessels, resulting in tumors that are poorly perfused. The hypoxic microenvi-
ronment formed by poor tumor perfusion may favor the selection of more invasive and aggressive tumor cells
while also inhibiting immune cells’ tumor-killing function. Pharmacological agents with anti-angiogenic effects
that impair vascular nutrition by blocking vascular endothelial growth factor (VEGF) signaling and deprive the
tumor of nutrients and oxygen are important®. Based on whether they have anti- or pro-inflammatory proper-
ties, macrophages are divided into the M1 and M2 (M2a, -b, -c, and -d) subgroups!®. Macrophages change into
M2a and M2c-like phenotypes in the microenvironment of tumors and tumor vessels, leading to epithelial-
mesenchymal transition, cell invasion, and tumor growth with a poor prognosis''. Co-culture of human umbilical
vein endothelial cells (HUVEC) and human monocyte THP-1 cells differentiated into M2 macrophages, which
are abundant in the tumor microenvironment and constitute the majority of the tumor mass, is frequently used
to model angiogenesis in the tumor microenvironment'%

Because of its weak basic compound, aprepitant, a non-peptide NK-1R antagonist with notable antiemetic
and antitumor effects, has poor water solubility between pH 2 and 10"°. Due to its poor solubility, it is difficult to
administer as a systemic and effective therapy using conventional formulations containing aprepitant. Therefore,
efforts to increase the solubility and dissolution rate of aprepitant are currently ongoing. Recently, attention
has been focused on nanoparticle carrier systems to overcome such problems. Nanoparticles are solid colloidal
drug carrier systems, 10-1000 nm in size, prepared with natural or synthetic polymer and ceramic or inorganic
element. The active substance to be loaded in the nanoparticle system may be dissolved or dispersed in the
nanoparticle, or may be attached to its surface or covalently bound. The nanocapsule is the matrix system in
which the active ingredient is physically dispersed equally in the polymer, whereas the nanosphere is the system
in which the active component is enclosed by the polymer membrane'***.

Therefore, aprepitant-loaded PLGA and Eudragit RS 100-based drug delivery systems that have a greater
impact than the current formulation were developed, and their efficacy were compared with the original for-
mulation on angiogenesis.

Materials and methods

Chemical compounds

Eudragit RS 100 was a kind gift from Evonik Industries AG (Essen, Germany). Resomer® RG 502 H [Poly (p,L-
lactide-co-glycolide), acid-terminated, lactide:glycolide 50:50, Mw: 7.000-17.000] and Span® 60 were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Pluronic® F-68 was purchased from Alfa-Aesar (Kandel, Germany).
All other chemicals used were of analytical grade.

Preparation of nanoparticles

The nanoprecipitation process was used to create PLGA and Eudragit RS 100 based nanoparticles with a few
modifications'®"!?. Nanoparticles made of PLGA were created as follows. First, PLGA (60 mg) and Span® 60
(20 mg) were dissolved in 4 mL of acetone. Following that, 3 mL of this solution was added dropwise at a rate of
5mL h™ into Pluronic® F-68 aqueous solution (10 mL, 0.5%, w/v) under magnetic stirring. The next step was to
allow the acetone to evaporate for 4 h at room temperature while magnetic stirring. To gather the nanoparticles,
the resulting aqueous dispersion was centrifuged. 5 mL of distilled water was added after the nanoparticles were
collected to wash the particles. The nanoparticles dispersed in water were again subjected to the above-mentioned
centrifugation process. To wash the nanoparticles, this procedure was repeated twice. To generate aprepitant-
loaded PLGA-based nanoparticles, the process began by adding 6 mg of aprepitant to the organic phase. Then,
3 mL of such solution with drugs were added dropwise at rate 5 mL h™! into Pluronic® F-68 aqueous solution
(10 mL, 0.5%, w/v) under magnetic stirring. The next step was to allow the acetone to evaporate for 4 h at room
temperature while magnetic stirring. To gather the nanoparticles, the resulting aqueous dispersion was centri-
fuged (11,000 rpm, 45 min, 4 °C). To wash the nanoparticles, this procedure was repeated twice.

Following are the steps used to prepare nanoparticles based on Eudragit RS 100. First, Span® 60 (20 mg) and
Eudragit RS 100 (60 mg) were dissolved in 4 mL of ethanol. Following that, 3 mL of this solution was added
dropwise at a rate of 5 mL h™! into Pluronic® F-68 aqueous solution (10 mL, 0.5%, w/v) under magnetic stirring.
Then, ethanol was given 4 h to evaporate at room temperature while being stirred magnetically. To gather the
nanoparticles, the resulting aqueous dispersion was centrifuged. (11,000 rpm, 45 min, 4 °C). After the nano-
particles were collected, 5 mL of distilled water was added to wash the particles. The previously mentioned
centrifugation technique was once more applied to the nanoparticles that had been dispersed in water (Table 1).
To wash the nanoparticles, this procedure was repeated twice.

For aprepitant loaded Eudragit RS 100-based nanoparticles preparation, briefly, the procedure started by
adding 6 mg aprepitant to organic phase. Following that, 3 mL of this solution was added dropwise at a rate of
5 mL h™" into Pluronic® F-68 aqueous solution (10 mL, 0.5%, w/v) under magnetic stirring. Ethanol was then
allowed to evaporate at room temperature under magnetic stirring for 4 h. The resulting aqueous dispersion was
centrifuged to collect the nanoparticles (11,000 rpm, 45 min, 4 °C). To wash the nanoparticles, this procedure
was repeated twice.

Similar to this, it was possible to dye the nanoparticles with the fluorophore Nile red prior to cellular uptake
studies by adding 100 L of a 10 mM acetonic solution to the PLGA or Eudragit RS 100 organic solution while
carefully following the instructions for making PLGA or Eudragit RS 100 based nanoparticles®.
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Code PLGA | ERS Span60 | ACN | EtOH | Aprepitant
PLGA-blank | 60mg |- 4mL |- -
PLGA-NP 60mg | - 4mL |- 6 mg
ERS-blank - 60 mg - 4mL |-

ERS-NP - 60 mg - 4mL | 6mg

Table 1. Formulation ingredients. *PLGA: Resomer® RG 502 H, ERS: Eudragit RS 100, ACN: Acetone, EtOH:
Ethanol.

Characterization of nanoparticles

Particle size, polydispersity index and zeta potential

Dynamic light scattering technique (DLS) was used to assess the particle size and polydispersity index (PDI)
of nanoparticle formulations based on PLGA and Eudragit RS 100 on the Zetasizer Nano (Zetasizer Nano ZS,
Malvern Instruments, Malvern, UK). By dispersing the formulation in distilled water, the produced nanopar-
ticles’ PDI and particle size were evaluated. The same instrument was used to measure the zeta potential values
in a disposable folded capillary zeta cell, which was diluted with distilled water and kept at room temperature
of 25 °C. All samples were measured in triplicate for statistical analysis, and the average values and standard
deviation of the measurements were computed?!22,

UV-visible spectrophotometric method

Prior to the drug content investigation, a precise and sensitive UV spectrophotometric method for aprepitant
was developed?. UV method was performed on a UV/Vis Recording Spectrophotometer UV-160A (Shimadzu)
at 272 nm and using quartz cell. UV spectrophotometric method used for aprepitant in this study was validated
for linearity, precision and accuracy. For standard solution, accurately weighed 100 mg of aprepitant was trans-
ferred to 100 mL volumetric flask and dissolved in ethanol: acetone (1:1). The calibration curve was obtained
with 6 concentrations of the standard solution (2.0-10.0 ug mL™"). The precision of this study was determined
by repeatability (intra-day) and intermediate precision (inter-day). By testing samples on the same day, at the
same concentration, repeatability was assessed. The intermediate precision was studied by comparing the assays
on different days (3 days). Six sample solutions for each concentration (4.0 pg mL™", 5.0 pg mL™, 6.0 pg mL™)
were prepared and analyzed. The recovery of known concentrations of a aprepitant reference standard given to
the samples at the start of the procedure served to determine the accuracy **. For this aim, an accurately weighed
10 mg of aprepitant was transferred to 100 mL volumetric flask and dissolved in ethanol: acetone (1:1) (final
concentration of 100 pg mL™). From this solution, solutions at concentrations of 4.0, 5.0 and 6.0 pg mL™! were
prepared for accuracy study. All solutions were prepared in triplicate and analyzed?**>.

Encapsulation efficiency

By carefully managing the extraction of aprepitant from nanoparticles, the encapsulation efficiency (EE%) of
PLGA and Eudragit RS 100 based nanoparticles was assessed. 5 mg of precisely weighed nanoparticles were
dissolved in a 1:1 mixture of ethanol and acetone. The final samples were filtered through 0.45 ym membrane
filters and analyzed using UV/Visible spectrophotometer (Shimadzu UV VIS 160) at 272 nm. Three times each
experiment was run to ensure statistical validity. Calculations were made to determine the measurements’ aver-
age values and standard deviation. The EE % of nanoparticles was calculated by Eq. (1)*%.

Encapsulation efficiency of nanoparticles

EE% = (Actual amount of aprepitant in nanoparticles/ Therotical amount of aprepitant in nanoparticles) x 100

(1)

Determining the intracellular uptake of aprepitant-loaded drug delivery systems

The cellular uptake of aprepitant-loaded drug carrier systems was investigated using PLGA (PLGA-Apr) and
Eudragit RS 100 (ERS-Apr) nanoparticles labeled with coumarin 6 (C6). Coumarin-labeled nanoparticles were
prepared by mixing PLGA-Apr or ERS-Apr solution with 0.2 mg/ml C6 before adding aprepitant solution.
HUVEC cells were seeded into 6-well plates at a density of 5x 10* cells per well, and after 24 h, the existing
medium was replaced with the medium containing the free C6 and 0.5 pM Cé6-labeled nanoparticles. Cells
were incubated with NPs for different periods of time (0.5, 2, and 24 h). Cellular uptake was determined by
immunofluorescence imaging and fluorescence intensity measurement on the Cytation 3 Multi-Mode Reader?.

Cell culture

Human monocyte THP-1 (American Type Culture Collection (ATCC), TIB-202) and human umbilical vein

vascular endothelial HUVEC (ATCC, CRL-1730) cell lines were cultured in an incubator at 37 °C (5% CO, 95%

humidity) with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin containing RPMI-1640, and F12-K

media, respectively. HUVEC growth medium was supplemented with 0.03 mg ml™! endothelial growth factor.
The culture flask was divided into subcultures after two to three days, or when the cell density reached 70%.

The viability and number of cells were determined with a cell counting device (Cedex, Roche) by staining with
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trypan blue solution before the experiment. Passages with a cell viability of 90% or less were excluded. Cells
between passages 5 and 10 were used.

Determination of cytotoxicity in HUVEC cells with the WST-1 method

HUVEC cells were cultured in a medium containing 10% FBS and 1% penicillin-streptomycin, and cell counting
was performed. 1x 10* cells per well were planted in 96-well plates. Following a 24-h incubation period, con-
centration groups of 1, 10, 100, and 400 pg mL™" aprepitant, lyophilized nanoparticle formulations of aprepitant
(ERS-Apr, PLGA-Apr), solvent control (ERS, PLGA), and doxorubicin (positive control) were applied. The
cytotoxicity of SP was screened at 0.001, 0.01, 0.1, 1, 10, and 100 nM concentrations. Following the incubation
periods (24 and 48 h), 10 uL of WST-1 reagent was added to the cells in each 96-well plate according to the WST-1
kit (catalog no. 11644807001, Roche) procedure instructions, and the cells were incubated for 3 h. At the end of
the test, absorbance was measured at 420 nm on the Cytation 3 Multi-Mode Reader device (Biotek). The results
were calculated using the viability formula and expressed as a percentage of cell viability®>*!.

Determination of IC;, concentrations in HUVEC cells
A xCELLigence real-time cell analyzer device (RTCA DP) (Roche Applied Science, Germany) was used to
determine the IC;, concentrations of the samples. This system generates real-time data by measuring electrical
impedance from the e-plate and converting it to a unitless cell index (CI)’ value to assess cell viability. The CI
value increases along with the electrical response as the cells proliferate and cover the bottom of the E-plate?.
In order to calculate the ICs, values of doxorubicin, aprepitant, and lyophilized nanoparticle formulations
of aprepitant (ERS-Apr, PLGA-Apr), 100 pL of SP-containing medium was first added to the E-plates, and the
background of the wells was read. After the device’s first reading, the E-plates were removed, and 100 uL of
medium containing the cells was subsequently added. Cells were seeded in each well at a density of 10,000/well.
After 24 h, the device was stopped, and 10, 100, and 200 pg mL™! of the samples were applied to the E-plate
wells in 100 pL medium. CI values were collected for 48 h. The RTCA DP Software 1.2.1 program was used to
determine ICs, values based on the CI values®.

Determination of anti-angiogenic effects

In order to determine the anti-angiogenic activity, invasion and migration studies were conducted on HUVEC
cells. For invasion studies, CIM plates coated with matrigel were used to examine the impact of different con-
centrations of aprepitant and its lyophilized nanoparticle formulations (ERS-Apr, PLGA-Apr) on HUVEC cells.
These plates have a two-chamber system with a microporous membrane that allows cells to pass through.

In the RTCA DP system, HUVEC cells were placed in the upper chamber, which was coated with matrigel.
These cells were exposed to a serum-free medium containing 100 nM SP. Subsequently, they migrated through
the matrigel membrane and reached the lower chamber, where the medium contained ICs, values of 109 pg/
mL for aprepitant, 11.2 ug/mL for ERS-Apr, and 30.9 pg/mL for PLGA-Apr. The changes in their movement and
behavior were continuously monitored and recorded as CI data. This allowed for the assessment of how these
compounds affected the cells’ migration capabilities. Matrigel prevented non-invasive cells from crossing the
membrane, allowing only invasive cells to pass through, making it possible to distinguish between them.

For cell migration assessment, CIM plates without a matrigel coating were used to measure migration ability.
The results were used to determine the anti-invasion and anti-migration effects of different concentration groups,
and graphical representations were created using the RTCA DP Software 1.2.1 program®-%°,

Determination of anti-migration morphologically

This study utilized a cell migration assay kit, which included a special plate with stoppers for seeding cells. These
stoppers ensured that the central point in all 96-wells remained empty during cell seeding. After seeding, the
stoppers were removed from each well using a special tool, and this allowed for an equal area for cell migration
in each well.

In the 96-well plate, HUVEC cells were plated at a density of 5 x 10* cells/mL, with each well containing 100
uL of medium and 100 nM SP. Following a 24-h incubation period to facilitate cell adhesion to the plate, the
medium was substituted with 100 pL of a solution containing ICs, concentrations, which were 109 pg/mL for
aprepitant, 11.2 pg/mL for ERS-Apr, and 30.9 ug/mL for PLGA-Apr. At 0, 24, and 48 h, the stoppers were removed
from the wells using the special tool. These wells were then stained with Hoechst 33258 fluorescent dye, and
images were captured at 0, 24, and 48 h. Fluorescence intensity measurements in the range of 350-461 nm were
also conducted and graphed using a Cytation 3 Multi-Mode Reader (Biotek)™*.

Determination of VEGF mRNA expression levels associated with angiogenesis using real-time
polymerase chain reaction (RT-PCR)

The RT-PCR method was employed to investigate the mRNA expression levels of VEGE, a gene associated with
angiogenesis. Initially, HUVEC cells were seeded in 6-well plates at a density of 1x 10° cells in a medium con-
taining 100 nM SP. Following a 24-h incubation period, the original medium was substituted with a medium
containing IC;, concentrations of 109 ug/mL for aprepitant, 11.2 pg/mL for ERS-Apr, and 30.9 pg/mL for PLGA-
Apr. The cells were then incubated for an additional 48 h. At the end of the incubation period, total RNA was
isolated from HUVEC cells using an isolation robot (MagNA Pure Compact, Roche).

The amount of RNA obtained was assessed through spectrophotometric measurements at optical densities
0f 260 nm and 280 nm using a NanoDrop 2000 (Thermo Scientific). For cDNA synthesis, the Transcriptor High
Fidelity cDNA Synthesis Kit (catalog no. 05091284001, Roche) procedure was followed. The cDNAs obtained
were utilized for amplification in the LightCycler 480 RT-PCR instrument, using the LightCycler 480 Probes
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Master Kit (catalog no. 04 707 494 001, Roche). Both PCR mixes and cDNAs were individually loaded into
96-well plates. Temperature settings suitable for the monochromatic hydrolysis probe method were applied. After
loading, the plate was placed in the LightCycler 480 RT-PCR device for quantitative measurements. The house-
keeping gene GAPDH was used, and results were analyzed (SP4 version 1.5.0.39), with VEGF gene expression
normalized to GAPDH gene expression levels***’. Primer designs for the genes used can be found in Table 2.

Differentiation of THP-1 cells into macrophages and polarization into M2c macrophage
subtype

THP-1 cells were cultured in RPMI-1640 medium supplemented with 1% penicillin-streptomycin and 10%
fetal bovine serum. Following cell proliferation, cell counts were conducted, and the cells were then placed into
inserts with 0.4 um pores, specially designed for co-culture studies. These inserts contained a culture medium
enriched with 100 ng/mL PMA and 1% FBS. After a 24-h incubation period, the cells were washed with PBS to
eliminate PMA and subsequently rested in fresh medium for 48 h*. Subsequently, to initiate the transformation
into the M2c polarized macrophage subtype, the existing medium was substituted with a medium containing
1 uM hydrocortisone, and the cells were cultured in this medium for an additional 72 h*.

Determination of VEGF protein levels
To assess the impact of concentration groups on VEGF protein levels in HUVEC cells, immunofluorescence
labeling technique was utilized. Cells were seeded in 24-well plates at a density of 25,000 cells per well and incu-
bated for 48 h with the respective ICy, concentrations of aprepitant and aprepitant’s lyophilized nanoparticle
formulations. After incubation, immunofluorescence labeling was conducted following the Immunofluorescence
Application Solutions Kit protocol (Cell Signaling Technology, catalog no. 12727).

Initially, cells were washed with a 1xPBS solution and fixed with 4% formaldehyde at room temperature for
15 min. Subsequently, cells were permeabilized with cold 100% methanol at — 20 °C for 10 min. To prevent non-
specific binding, the blocking solution was used, and cells were incubated for 1 h. Afterward, VEGF Receptor 2
(D5B1) Rabbit mAb (PE Conjugate) (Cell Signaling Technology, catalog no. 12634) was diluted 1:500 with an
antibody dilution solution for labeling. Following incubation, protein levels were determined by immunofluo-
rescence imaging and fluorescence intensity measurements using the Cytation 3 Multi-Mode Reader device *.

Statistical analysis

The statistical analysis of the results was performed using one-way ANOVA and Tukey’s post hoc test with
GraphPad Prism 8.0 software. The results are the means of three independent experiments expressed as the
mean * standard deviation. p values represent the significance of the results compared to the control group
(p>0.05n.s., *p<0.05, *p<0.01, **p <0.001, and ***p <0.0001) or M2c group (p>0.05 n.s., *p <0.05, *p<0.01,
9 <0.001, and **p <0.0001).

Results and discussion
Evaluation of formulation and characterization studies
Particle size, particle size distribution (PDI), and zeta potential are used to evaluate nanoparticle character-
istics. Table 3 summarizes the pertinent information. The particle size achieved in the blank formulation was
188.70-201.43 nm, whereas the aprepitant-loaded nanoparticles had a particle size of 208.50-238.67 nm. In
particle size analysis, it is important to note that particle size increases with API loading. The literature backs
up this conclusion®®.

It has been discovered that as the particle size increases, the PDI values increase in parallel. For monophasic
systems, the PDI value indicating the particle size distribution is between 0.01 and 0.7; A value greater than 0.7

Gene Primer Sequence

5-GCAAGACAAGAAAAATGTGACAA-3'
Reverse: 5-TGGTTTCTGTATCGATCGTTCT-3'

Forward: 5-GTCAAGGCTGAGAACGGGAA-3’
Reverse: 5'-AAATGAGCCCCAGCCTTCTC-3'

VEGF

GAPDH

Table 2. The primer sequences for the VEGF and GAPDH genes.

Code PS PDI zp EE%
PLGA-Blank 188.70+1.20 | 0.215+0.008 | -16.40+1.51 |-
PLGA-NP 208.50£1.70 |0.196+0.030 | -16.70£1.49 | 90.58+1.06
ERS-Blank 201.43+£5.25 | 0.105+0.002 | 19.63+0.26 -

ERS-NP 238.67+4.79 |0.173+£0.013 | 19.10+0.08 81.64+2.75

Table 3. Particle size (PS), polydispersity index (PDI), and zeta potential (ZP) and encapsulation efficiency
(EE%).
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indicates a very wide distribution of particle size, while a value close to zero indicates a limited PS distribution
2, When the PDI values given in Table 3 are examined, it is understood that highly monodisperse nanoparticle
systems are prepared.

Table 3 shows the zeta potential (ZP) of several formulations. In colloidal systems, the particles repel each
other if the ZP has a high positive or negative value. If distributed as a colloidal dispersion in a liquid, a colloidal
system with a ZP value of less than 30 mV is considered a stable formulation *. The limited flocculation zone
is defined by ZPs between +5.0 and + 15.0 mV, while the maximal flocculation zone is defined by ZPs between
+5.0and £3.0 mV *.

As a result, when all particle size, ZP and PDI values were evaluated, appropriate results were obtained in
terms of drug use.

Encapsulation efficiency

Following validation of the UV-visible spectrophotometric method developed, linearity was determined to be
at a concentration range of 2.0-10.0 ug mL™! with a linearity of y=0.1043 x+0.0463 (r*>=0.9989). The method
was decided to be precise due to relative standard deviation (RSD) values of <2% for repeatability and interme-
diate precision. Recovery and accuracy of the method were satisfactory owing to the <2% RSD value. Accuracy
values (mean + SD) of 99.5045 +0.6034%, 99.0409 +£0.1918% and 99.9041 +0.4023% for concentrations of 4.0,
5.0, and 6.0 pg/mL, respectively, were determined for the UV-visible spectrophotometric method. The limit of
detection (LOD) was determined to be 0.3200 pg/mL, while the limit of quantitation (LOQ) was 0.9699 pug/mL.
Consequently, the easy and inexpensive procedure proposed in this study can be used for routine and simultane-
ous aprepitant determination?$4%43,

Because higher loading results in a lesser quantity of NPs for a given treatment dose, the drug encapsulation
efficiency of nanoparticles is a crucial element in formulations**. The high values of encapsulation for PLGA and
Eudragit RS (ERS) 100-based nanoparticles achieved are probably due to the lipophilic nature of the aprepitant,
which presents low affinity to water phases and thus tends to migrate to the organic phase (Table 3)*. As a result,
EE results were obtained in terms of drug administration in all nanoparticles.

Quantification of aprepitant-loaded drug delivery systems’ cellular uptake

For evaluating the efficiency of drug delivery systems and comprehending their mechanisms of action, cellular
uptake studies are helpful. The extent and kinetics of cellular uptake are revealed by methods like fluorescence
microscopy, flow cytometry, and quantitative assays, which enable researchers to develop more effective drug
delivery systems and improve therapeutic outcomes*®.

ERS-Apr and PLGA-Apr were conjugated with coumarin to examine the increased cellular uptake of aprepi-
tant. Free coumarin and conjugated ERS-Apr-C and PLGA-Apr-C nanoparticles were both incubated with
HUVEC cells for varying amounts of time. Fluorescence microscopy analysis revealed that cells treated with
ERS-Apr-C and PLGA-Apr-C uptake nanoparticles more effectively than cells treated with free coumarin (Fig. 1).

Due to its hydrophobic and fluorescent properties, coumarin-6 is commonly employed as a tracking mol-
ecule to investigate the pharmacokinetics and tissue uptake of drug-loaded nanoparticles**. According to the
experimental results, HUVEC cells exhibited higher sensitivity to ERS-Apr-C compared to both ERS-Apr-C and
PLGA-Apr-C, as opposed to free coumarin. Cellular uptake was observed to be the fastest and most prominent
with ERS-Apr-C.

Evaluation of cytotoxicity in HUVEC cells

The WST-1 assay measures mitochondrial dehydrogenase activity in live cells by producing formazan from a
tetrazolium salt. The amount of formazan generated is directly linked to the number of metabolically active live
cells. This formazan dye can be quantified with a spectrophotometer, providing a direct correlation with the count
of metabolically active cells in the culture. Compared to the widely used MTT assay, the WST-1 test is easier to
use, more sensitive, and less harmful to cells during testing48’5°.

The WST-1 assay was employed both to assess the cytotoxic effects of nanoparticles, solvents, the positive
control doxorubicin, and the NK1R agonist SP and to narrow down the concentration ranges (400, 100, 10, and
1 ug/mL) before determining ICs, values. The cytotoxicity intervals with observed effects were evaluated, and
concentration ranges of 10, 100, and 200 pg/ml were selected for determining the ICs, (Fig. 2).

SP is a neuropeptide predominantly released from sensory nerve terminations and exhibits a selective affin-
ity for the NK1R. Its functional roles encompass diverse physiological processes, including neuroinflammation,
emesis, mood disorders, and nociceptive signal transmission. SP is widely distributed throughout the nervous
system®". In vitro investigations have established the upregulation of both SP and the NK1R in multiple types of
tumor cell lines, including malignant gliomas, breast carcinomas, and metastatic melanomas®2.

To determine the optimal concentration of SP required to induce NKIR expression in HUVEC cells, a range
of concentrations (100, 10, 1, 0.1, 0.01, and 0.001 nM) were applied to the cells for 24 and 48 h. The resulting cell
viability data, depicted in Fig. 3, revealed that SP did not induce significant cytotoxicity. As a result, 100 nM was
identified as suitable for supplementation in the culture medium to induce NK1R.

Determination of the IC;, concentrations

In order to determine the ICs, values for subsequent experiments in HUVEC cells, the cell index (CI) data of
cells treated with aprepitant and aprepitant-loaded nanoparticles at concentrations of 200, 100, and 10 pug/mL
were recorded using the xCELLigence RTCA-DP system over a 48-h period. In this system, cells adhered to the
plate surface obstruct the contact between the electrode and the culture medium, thereby impeding the flow of
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Fig. 1. Uptake of nanoparticles labeled with coumarin into HUVEC cells depending on time (A) and
fluorescence intensity-time graph of nanoparticles labeled with coumarin into HUVEC cells (B). For cellular
uptake experiments, a two-way ANOVA was used to test the change of fluorescence intensity versus time (0.5, 2,
24 h). The data are presented as mean +SD (n=3), normalized to cell numbers. A Bonferroni post-hoc test was
used to calculate significant differences between groups (**p <0.01, **p <0.001, ***p <0.0001).

electrons. This impedance level, referred to as CI, is influenced by factors such as cell number, shape, size, and
the strength of cell adhesion to the underlying layer of the plate®.

The ICs, values at 24 h, as determined by the real-time cell analysis system, were as follows: doxorubicin:
77.6 nM; ERS-Apr: 11.9 pg/mL; PLGA-Apr: 94.3 ug/mL; ERS: 37.5 mg/mL; PLGA: 28.8 mg/mL; and aprepitant:
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Fig. 2. Cytotoxic effects of aprepitant, doxorubicin, ERS-Apr, PLGA-Apr, ERS, and PLGA on HUVEC cells.
Cell viability results obtained from cells treated with various concentrations over 24 and 48 h were used to draw
cytotoxicity graphs. The data is presented as mean + SD (n=8) and statistically evaluated using one-way ANOVA
and Tukey post hoc test (significant difference: *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001; no difference:
p>0.05 ns).

134 pg/mL and at 48 h were as follows: doxorubicin: 109.4 nM; ERS-Apr: 11.2 ug/mL; PLGA-Apr: 30.9 pug/mL;
ERS: 76.7 mg/mL; PLGA: 64.5 mg/ml; and aprepitant: 109 ug/ml (Fig. 4).
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Fig. 3. Cytotoxic effects of SP concentrations on HUVEC cells. Cell viability data obtained from cells treated
with various concentrations for both 24 and 48 h were utilized to draw the cytotoxicity graph. The data is
presented as mean = SD (n=8) and underwent statistical evaluation using one-way ANOVA and Tukey’s post
hoc test (no significant difference: p>0.05 ns).

The absence of similar studies investigating the anti-proliferative effects of aprepitant on HUVEC cells within
the existing literature underscores the novelty of our research. In similar studies conducted with cervical can-
cer cells®* and osteosarcoma cells®, the ICs, values of aprepitant at 24 h were determined to be 31.6 uM and
31.55 pM, respectively. The comparison between the IC;, values implies a heightened susceptibility of cancer
cells to aprepitant in contrast to HUVEC cells.

It is known that the solubility of aprepitant in water is very low, which limits its oral bioavailability due to
its low solubility and dissolution process'**>*”. When comparing IC, values, it becomes evident that ERS-Apr
displays greater cytotoxicity against HUVEC cells than the original aprepitant formulation. Similarly, aprepitant-
loaded PLGA nanoparticles also exhibit increased cytotoxicity compared to the original formulation. In the
comparison of ICy, values for aprepitant-loaded nanoparticles, ERS- Apr proves to be more cytotoxic to HUVEC
cells than PLGA-Apr. Furthermore, at 24 h, the cytotoxic effect of ERS-Apr (11.9 pg/ml) is observed to occur
more rapidly than that of PLGA-Apr (94.3 pg/ml). These findings are consistent with the experimental data
presented in Fig. 1, highlighting the concurrence between the cellular uptake levels of aprepitant-loaded drug
delivery systems and the observed cytotoxic effects of ERS-Apr and PLGA-Apr at 24 h.

It is important to note that one of the primary limitations of chemotherapeutic drugs is their lack of specific-
ity, potentially affecting healthy tissues®®. Cell index data obtained from the cytotoxicity study with doxorubicin
indicates that when compared to aprepitant-loaded nanoparticles, aprepitant-loaded ERS and PLGA nanopar-
ticles provide a more controlled cytotoxicity response.

ERS polymers offer various formulations with pH-dependent solubilities, aiding developers in designing
precisely controlled release profiles®. PLGA, an FDA-approved polymer, is renowned for its biocompatibility,
non-toxicity, targeting capabilities, and sustained drug release capacity, making it a cornerstone in the creation of
drug-loaded nanoparticles for targeted cancer therapy®. To ensure the safety of the carrier systems on HUVEC
cells, experiments were also conducted using ERS and PLGA without any loaded substances. Remarkably, the
ICs, values for both ERS and PLGA at 24 and 48 h exceeded 400 pg/ml, indicating no significant cytotoxicity
in cell culture. Consequently, it can be deduced that ERS and PLGA nanoparticles did not exhibit cytotoxicity
in HUVEC cells.

Evaluation of antiangiogenic effects

Effects of aprepitant, ERS-Apr and PLGA-Apr on HUVEC cell migration

Angiogenesis, a physiological process characterized by the formation of new blood vessels from pre-existing
ones, plays a pivotal role in tumor progression and development. Investigating the migration of endothelial
cells in response to VEGE, a well-established contributor to neovascularization, holds significant importance in
enhancing our comprehension of the underlying biological and molecular mechanisms®'.

Real-time cell analysis devices serve as invaluable tools for scrutinizing cell migration dynamics without
necessitating cell labeling. In this analysis, the observed increase in impedance data acquired from the device is
directly proportional to the number of cells migrating towards the lower substrate surface®.

In the migration studies, the impact of M2c supernatant, aprepitant, and aprepitant-loaded nanoparticles
(ERS-Apr and PLGA-Apr) on HUVEC cell migration were investigated. The changes in cell migration relative
to the control were as follows: 185.57, 75.02, 87.90, and 80.56%, respectively (Fig. 5A). Notably, in the presence
of M2c, cell migration significantly increased compared to the control (*p <0.05), but this increase was effec-
tively mitigated by aprepitant, ERS-Apr, and PLGA-Apr, demonstrating significant inhibition compared to M2c
(**p<0.01).

The composition of the tumor microenvironment varies depending on tissue origin and stages of progres-
sion. Typically, the tumor microenvironment consists of tumor vascular systems, extracellular matrix, cancer-
associated fibroblasts, and activated immune cells. These components interact with cancer cells not only through
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Fig. 4. Cell proliferation curves of HUVEC cells treated with different aprepitant, ERS-Apr, PLGA-Apr, ERS,
PLGA, and doxorubicin concentrations (200, 100, and 10 pg/mL or nM) using the RTCA DP analysis system for

48 h (A). IC;, values of the compounds at 24 h and 48 h were calculated based on cell proliferation data (B).

paracrine signaling but also through cell-to-cell contact mechanisms®. Therefore, in cancer research, it is consid-
ered essential to allow interaction with microenvironment components to create a more realistic tumor model.
Consequently, co-culture models involving different cell types are frequently used®. Hence, the migration study
was also conducted in an M2c co-culture setting. Changes in migration were observed in the following groups:
M2c supernatant, aprepitant + M2c, ERS-Apr + M2c, and PLGA-Apr + M2c, with values of 180.96, 163.39, 153,
and 104.2%, respectively (Fig. 5B). In this context, the presence of M2c led to a significant increase in cell

Scientific Reports |

(2024) 14119837 |

https://doi.org/10.1038/s41598-024-70791-y

nature portfolio



www.nature.com/scientificreports/

Cell Index

T —— T —— R —

E e Control - M2c o Aprepitant » ERS-Apr  PLGA-Apr

154

10—

Migration (CI)

st
JUBUDSPRSS e e
JOSeaaais

150

Time (in Hour)

15

Cell Index
o

[ Control ¢ M2c - Apr+M2c o ERS-Apr+M2c » PLGA-Apr+M2c

154

-
o
1
*H*

—nu

. B
PO e s es < g:xxm*n‘mun““\« s

Migration (CI)
T

120 150 180 210 240

270 S &
Time (in Hour)

Fig. 5. The impact of different concentrations of aprepitant, ERS-Apr + M2c, and PLGA-Apr+M2c on HUVEC
cell migration, either alone (A) or in M2c co-culture (B). The migration slope graphs illustrate the relationship
between aprepitant, ERS-Apr, and PLGA-Apr concentrations applied in the presence or absence of M2c, plotted
against 24-h cell index values in HUVEC cells. The graphs represent the mean + standard deviation of CI data
(n=4). Statistical analysis was conducted using one-way ANOVA, followed by multiple comparisons with post
hoc Tukey tests. Results were categorized as follows: no difference (p >0.05), significant difference compared to
the control (*p <0.05), and significant difference compared to the M2c group (“p <0.05, *p<0.01).

migration compared to the control (*p <0.05). Interestingly, this enhanced migration was notably inhibited only
by PLGA-Apr in the presence of M2c (*p <0.05).

The migration experiment was supplemented with a morphological assessment. When examining the immu-
nofluorescence intensity data representing HUVEC cell migration at 24 h, the changes compared to the control in
the M2c, aprepitant, ERS-Apr, PLGA-Apr, aprepitant + M2c, ERS-Apr + M2c, and PLGA-Apr + M2c groups were
determined to be 197.64, 90.99, 98.52, 92.26, 144.75, 135.19, and 124.75%, respectively (Fig. 6). Similarly, at 48 h,
the changes in the same groups were 203.99, 86.02, 98.90, 94.98, 183.56, 160.26, and 155.98%, respectively. The
increase in cell migration in the M2c group was significantly inhibited in all experimental groups at both 24 and
48 h (**p<0.0001). While the experimental results align with those obtained through real-time cell analysis,
morphological analysis exhibits lower sensitivity.

Effects of aprepitant, ERS-Apr and PLGA-Apr on HUVEC cell invasion

Angiogenesis, the formation of new blood vessels from preexisting ones, is a crucial process in both health and
disease. It relies on endothelial cells’ ability to migrate and invade tissues®. Many drugs developed for cancer
treatment target metastatic properties of cancer cells, including migration, chemotaxis, and invasion, which
are part of invasive processes like angiogenesis. Inhibiting the invasion of HUVEC endothelial cells that inter-
act with cancer cells in such processes is an interesting target in cancer therapy. The effects of aprepitant and
aprepitant-loaded nanoparticles on HUVEC cell invasion were studied using a real-time cell analysis system
with matrix-coated CIM plates.

Based on the results of the HUVEC cell invasion analysis, the presence of M2c led to notable alterations in
HUVEC cell invasion in various groups: the M2c supernatant, aprepitant+ M2c, ERS-Apr + M2c, and PLGA-
Apr +M2c, resulting in percentage changes of 123.16%, 82.95%, 73.55%, and 56.49%, respectively, relative to the
control (Fig. 7). It was evident that the presence of M2c significantly increased cell invasion when compared to
the control (*p <0.05). Furthermore, it is noteworthy that this observed increase was significantly suppressed in
all groups when compared to M2c-alone conditions.
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Fig. 6. Morphological migration analysis results. The 24- and 48-h impact of aprepitant, ERS-Apr, and PLGA-
Apr on HUVEC cell migration, both alone or in M2c co-culture, is visually presented (A) (objective: 10x). The
slope graph is based on the immunofluorescence intensity measurement results obtained from morphological
imaging (B). The graphs represent the mean + standard deviation of immunofluorescence intensity data (n=3).
Statistical analysis for the 24- and 48-h data involved an independent one-way ANOVA followed by post hoc
Tukey tests for multiple comparisons (no significant difference: p>0.05; significant difference compared to
control: **p <0.01 and ****p <0.0001, significant difference compared to M2c group: **p <0.0001).
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Fig. 7. The effects of aprepitant, ERS-Apr, and PLGA-Apr concentrations on HUVEC cell invasion in M2¢
polarize macrophage co-culture (A). An invasion slope graph (B) was plotted for aprepitant, ERS-Apr, and
PLGA-Apr concentrations applied in the presence of M2c, based on 24-h cell index values in HUVEC cells. The
graphs represent mean * standard deviation of cell index data (n=4). Statistical analysis was conducted using

a one-way ANOVA followed by a post hoc Tukey test. No difference: p >0.05; significant difference compared
to the control: *p <0.05, **p <0.01, and ****p <0.0001, significant difference compared to the M2c group:
##5.<0,0001).

Evaluation of the VEGF levels

VEGE, the most potent endogenous pro-angiogenic factor in humans®-%, plays a pivotal role in triggering
angiogenesis by binding to type III receptor tyrosine kinases on cell surfaces, leading to receptor dimerization
and activation through phosphorylation pathways”. Ligands such as VEGFA and VEGFB, upon binding to the
VEGEF receptor, initiate downstream signaling pathways, enhancing endothelial cell proliferation, migration,
invasion, and vascular permeability through signaling molecules like ERK1/2 and AKT6,7,8,97°7. Consequently,
therapeutic angiogenesis studies have predominantly focused on disrupting the VEGF-VEGFR pathways™.

In the presence of M2, the effects of aprepitant and aprepitant-loaded nanoparticles on VEGFA and VEGFB
gene expression were examined using the RT-PCR method. According to the results, VEGFA gene expression was
notably changed in the presence of M2c by aprepitant, ERS-Apr, and PLGA-Apr, with reductions of 0.43, 0.05,
and 0.03-fold, respectively. Similarly, VEGFB gene expression in the same groups showed reductions of 0.33, 0.36,
and 0.03-fold, respectively (Fig. 8). These results were statistically significant across all groups (****p <0.0001).

VEGEFR-2 serves as the primary mediator of VEGF’s effects on proliferation, migration, survival, and
permeability®®7>7°. It is known that signal transduction is modulated through VEGFR-2 signaling activation
by VEGF in HUVECs”". Therefore, the effects of aprepitant and aprepitant-loaded nanoparticles on VEGFR-2
were investigated at the protein level. For this purpose, HUVEC cells were treated with aprepitant, ERS-Apr,
and PLGA-Apr, followed by labeling with VEGFR-2 antibody and immunofluorescence intensity measurement.

Analysis of immunofluorescence intensity data, reflecting the impact of aprepitant and nanoparticles on
VEGEFR-2 protein in the presence of M2c, revealed reductions of 61.96%, 59.65%, and 50.45% in the aprepitant,
ERS-Apr, and PLGA-Apr groups, respectively, in comparison to the control (Fig. 9). Importantly, VEGFR-2
exhibited a significant decrease across all concentration groups (****p <0.0001).
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Fig. 8. The effects of aprepitant, ERS-Apr, and PLGA-Apr concentrations in M2c¢ co-culture on the HUVEC
VEGFA and VEGFB gene expressions. The graph represents the mean + standard deviation of normalized
RT-PCR fold change data (n=3). Statistical analysis was conducted independently for each gene using a one-

way ANOVA followed by a post hoc Tukey test (significant difference compared to the control: ****p <0.0001).
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Conclusions

This study investigated aprepitant-loaded PLGA and Eudragit RS 100 nanoparticles as potential therapies tar-
geting cancer angiogenesis. Our findings demonstrate efficient encapsulation of aprepitant, ensuring stable and
uniform particles suitable for drug delivery. Characterization studies showed optimal particle sizes for cellular
uptake and stable zeta potentials crucial for maintaining colloidal stability. Fluorescence microscopy revealed
enhanced uptake of aprepitant-loaded nanoparticles by HUVEC cells compared to free aprepitant, indicating
improved bioavailability. Cytotoxicity tests showed dose-dependent effects on HUVEC cell viability, with low
ICs, values suggesting potent anti-proliferative activity. In vitro assays demonstrated that aprepitant-loaded
nanoparticles effectively inhibited HUVEC cell migration and invasion, especially in environments mimicking
tumor conditions with M2c supernatant. This was associated with downregulation of VEGFA and VEGFB gene
expressions and reduced VEGFR-2 protein levels, critical for tumor angiogenesis.

Opverall, aprepitant-loaded PLGA and Eudragit RS 100 nanoparticles show promise as targeted therapies for
disrupting cancer angiogenesis. Utilizing nanoparticle technology to enhance drug delivery efficacy presents
a strategic approach to reducing tumor vascularization and potentially improving cancer treatment outcomes.
Future research should validate these findings in animal models and clinical trials to confirm their therapeutic
potential and safety.
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Fig. 9. The effects of aprepitant, ERS-Apr, and PLGA-Apr concentrations in M2c co-culture on HUVEC
VEGFR-2 protein levels (objective: 10X) (A). The slope graph drawn is based on immunofluorescence intensity
measurement results obtained from morphological imaging (B). The graph represents the mean + standard
deviation of immunofluorescence intensity data (n=3), normalized to cell numbers. Statistical analysis was
conducted using a one-way ANOVA followed by a post hoc Tukey test for multiple comparisons (significant
difference compared to control: ****p <0.0001).
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