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Purpose: It is well known that the nonsteroidal anti-inflammatory drug (NSAID) indomethacin (IND) exhibits significant anticancer
potential reported not only by in vitro and in vivo studies, but also in clinical trials. Despite promising results, IND is not widely used
as an adjunctive agent in cancer therapy due to the occurrence of several gastrointestinal side effects, primarily after oral adminis-
tration. Therefore, this study aimed to develop a nanosystem with reduced toxicity and risk of side effects for the delivery of IND for
cancer treatment.

Methods: IND was encapsulated in nanostructured lipid carriers (NLC) in the form of a phospholipid conjugate, where a covalent
bond exists between the drug and phosphatidylcholine skeleton. For this purpose, seven new hybrid molecules were synthesized, and
subsequently evaluated as anticancer agents in an in vitro model against selected cancer cell lines.

Results: Biological studies demonstrated that the synthesized conjugates possessed excellent antiproliferative effects, exhibiting
a 2.7-fold to even 100-fold higher activity against selected cancer cells, while remaining non-toxic to healthy cells. Based on biological
studies and molecular calculations, heterosubstituted phosphatidylcholine containing IND and oleic acid (IND-OA-PC) in the sn-1 and
sn-2 positions, respectively, was identified as the most potent molecule. Subsequently, IND-OA-PC was encapsulated in nanostruc-
tured lipid carriers (IND-OA-PC-NLC). The results revealed that IND-OA-PC-NLC has a spherical shape with an average diameter of
155 nm and a negatively charged surface (—17.4 + 0.49 mV). In this study, it was proven that the encapsulated conjugate of
indomethacin with PC exhibits high activity against triple-negative (TNBC, Her2-, PR-, and ER-) breast cancer cells MDA-MB
-468. While free IND was active at a concentration of 270.5 uM, in the form of the phospholipid conjugate (IND-OA-PC), it inhibited
the growth of cancer cells at 67.5 uM and after conjugate encapsulation (IND-OA-PC-NLC) it was effective at only 10.3 pM.
Conclusion: Our study revealed that the conjugation of NSAID with phosphatidylcholine and its combination with nanotechnology
techniques create opportunities to repurpose well-known drugs from this group for new therapeutic applications.

Keywords: indomethacin, phospholipid conjugates, long-chain fatty acids, nanostructured lipid carrier, nanoparticles, anticancer
properties

Introduction
According to the report of the World Health Organization (WHO), cancer caused nearly 10 million deaths worldwide in
2020." This staggering toll not only reflects the magnitude of human suffering, but also underscores the urgency to pursue
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effective interventions. Commonly used conventional therapies, such as chemotherapy and radiation, are often insuffi-
cient for tumor treatment. Moreover, neoadjuvant chemotherapy does not improve the patient’s quality of life or
guarantee overall survival compared to chemoradiotherapy.” Even adjuvant chemotherapy combinations do not provide
the expected magnitude of survival benefit and often lead to more serious side effects than chemoradiotherapy alone.”

Despite significant progress in understanding the molecular intricacies of various cancer types, translating this
knowledge into effective therapies remains a complex endeavor.* The ongoing search for new, targeted anticancer
drugs stems from the urgent need to enhance the effectiveness of current therapies and minimize the side effects
experienced during patient treatment. However, the development of new, more effective anticancer therapies is challen-
ging due to the high costs of discovering de novo anticancer drugs (ranged from $157.3 to $1,950.8 million), the long
duration of these studies (from 10 to 17 years) and the low success rate (less than 1% of molecules reach the clinical
trials).” In this aspect, drug repurposing takes advantage of the properties of active compounds approved for other
diseases and relies on available data on their safety and pharmacology to develop new potential treatments. The use of
known non-oncology drugs in cancer therapy offers significant benefits. Chief among them is the possibility of reducing
the time required for developing new drugs by about 3—5 years and costs by about $0.3 billion.*’

Nonsteroidal anti-inflammatory drugs (NSAID) have shown great antitumor therapeutic potential, because chronic or
prolonged inflammation is often associated with cancer development. The high expression levels of cyclooxygenase-2
(COX-2) are associated with increased levels of cell proliferation and reduced levels of apoptosis, which may be due to
the inhibitory effects of caspases.® '® Inhibition of apoptosis and increased proliferation of tumor cells lead to invasive
tumor growth and metastasis; therefore, COX-2 inhibition is one important tool to develop effective control of cancer
progression.'" Consequently, the use of NSAID focused on one of the targets of cancer may turn out to be an effective
and innovative strategy, especially since statistics reports that around 20% of all cancer types arise from chronic
inflammatory diseases.'?

According to the Biopharmaceutical Classification System (BCS), indomethacin (IND) (1) belongs to the Class II of
drugs. IND exhibits poor water solubility (105.2 pg/mL at pH7), low absorption, and many side effects after oral
administration. Therefore, in recent decades, extensive studies have been conducted to improve its solubility profile and,
thus its oral bioavailability, and reduce its toxicity. Cyclodextrin complexes, microemulsions, ethosomes, liposomes, and
lipid nanoparticles have been produced and evaluated for that purpose.”* '® Nanodrug delivery systems minimize
systemic toxicity via the tumor-enhanced permeability and retention effect (EPR); thus, many nanoformulations such
as Doxil®, Abraxane®™, DepoCyt®, Genexol®-PM, and AmBisome® have been successfully transferred from preclinical
research to clinical use.'” However, the technology of liposomes with encapsulated drugs hardly exhibits excellent long-
term cure effects, and new nanotechnological systems are under development.'®!'? In 2020, nanomedicine market was
estimated to reach $142 billion, and economic forecast reports predict an additional 12.8% growth by 2025 driven by the
evolution of vaccines against COVID-19.%°

In previous studies, promising results were obtained for nanostructured lipid carriers (NLC) loaded with IND with the
ability to achieve suitable physicochemical and pharmacological properties.?' Therefore, this strategy was combined with
drug conjugation to enhance IND application in cancer therapy (Figure 1). Lipid nanocarriers can be formed from
hydrophobic drug conjugates with phospholipids (PLs). These hybrid molecules can be assembled into nanoparticles with
enhanced absorption, and improved pharmacokinetic and pharmacodynamic properties, even against multidrug-resistant
(MDR) tumors. Moreover, nanoparticles produced from this type of bifunctional hybrids are characterized by high drug
loading and avoid premature burst release compared to other nanocarriers. Over the last few decades, six lipid-drug
conjugates (LDCs) have been approved by the American Food and Drug Administration (FDA) and the European
Medicines Agency (EMA) for the treatment of depression, diabetes and schizophrenia.*?

Taking these data into account, the main goal of our studies was to design a novel delivery system for IND to be used as
an anticancer therapy. Therefore, we synthesized a new series of indomethacin-phospholipids conjugates (IND-PL) via the
formation of ester bonds between IND and the phosphatidylcholine (PC) glycerol skeleton. Lysophosphatidylcholine (5) and
six heterosubstituted phosphatidylcholines with IND in the sn-1 or sn-2 position and an acyl moiety were synthesized from
the corresponding fatty acids (palmitic, stearic, and oleic acid) in the opposite position (6—8 and 18-20) were obtained.
Molecular modelling was employed to estimate the features of the obtained hybrid molecules that are crucial for their

12696 "= International Journal of Nanomedicine 2024:19

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Thiruchenthooran et al

| - IND-OAPC o - Tween80® Q -BW @  -Migiyol 8128

> > T>ua:

o LIY ] 'w J ! Ql ‘
X Aqueous Lipid Mixing Both Phases A B! ﬁ
phase phase ¥ 3 <
' 1 Higher shear Higher pressure
: homogenization homogenization
4 *e .& %}" ool

Cellular @£3E
cytotoxucnty @@@

IND-OA-PC-NLC IND-OA-PC-NLC

e Formulation

PC-3 and MDA-MB-468 cells

@ ~v 3 ’?@

Released IND-OA-PC,
IND-LPC and excipients

&) \

\

S /
0 .
@ IND-OA-PC release

Internalization of IND-OA-PC-NLCs kinetics modelling

Figure | Scheme of fabrication of nanostructured lipid carriers (NLC) with encapsulated IND-phospholipid conjugates (IND-OA-PC-NLCs) and studies of their
antiproliferative activity towards prostate (PC-3) and breast cancer (MDA-MB-468) cells.

anticancer properties and membrane permeation. After analyzing the physicochemical properties of the hybrids, their
antiproliferative activities against selected cancer cell lines, including leukemia (MV-4-11), lung (A-549), breast (MDA-
MB-468 and MCF-7), and prostate (PC-3), and the safety of their use against the non-tumorigenic human breast epithelial
cell line MCF-10A were determined. Based on the obtained results, the molecular mechanisms of the hybrids with the highest
potential, namely, indomethacinoyl-2-oleoyl-sn-glycero-3-phosphocholine (IND-OA-PC, 8) and 1-oleoyl-2-indomethaci-
noyl-sn-glycero-3-phosphocholine (OA-IND-PC, 20) were evaluated. Finally, nanotechnology techniques were applied to
fabricate NLC with encapsulated phospholipids bearing IND in the position sz-1 and oleic acid in the sn-2 position IND-OA-
PC (8) and the anticancer potential of this formulation IND-OA-PC-NLC was evaluated.
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Materials and Methods

Chemicals and Reagents

IND (3), stearic acid (10), oleic acid (11), triethylamine (TEA), dibutyltin (IV) oxide (DBTO), oxalyl chloride, 4-(N,
N-dimethylamino)pyridine (DMAP), N,N’-dicyclohexylcarbodiimide (DCC), celite®™ 110, Dowex®™ 50WX8 H' (an ion-
exchange resin), refined beeswax (BW), and Tween®™ 80 were purchased from Sigma-Aldrich (St. Louis, MO, USA). sn-
Glycero-3-phosphocholine (GPC) was ordered from Bachem AG (Bubendorf, Switzerland). Palmitic acid (9) is a product of
MP Biomedicals GmbH (Eschwege, Germany). Miglyol® 812 was purchased from Roig Farma S.A. (Barcelona, Spain).
Analytical grade chloroform and methanol were obtained from Stanlab (Lublin, Poland) for column chromatography and thin-
layer chromatography (TLC). All other solvents used for high-performance liquid chromatography (HPLC) were of analytical
grade. The deionized water was produced by a Millipore® Milli-Q® Q system (Merck KGaA, Darmstadt, Germany).

Analysis Conditions

Column and Thin-Layer Chromatography

Thin-layer chromatography (TLC) was performed on Merck Kieselgel 60 F,s4 plates (0.2 mm silica gel with fluorescent
indicator UV,s4, NJ, USA). Visualization was performed using 0.05% primulin spray (acetone: water (80/20, v/v)) and
checked under UV light (A =365 nm). Purification of the synthesized products was performed in a column chromato-
graphy using silica gel (Kieselgel 60 with 0.1% Ca (230400 mesh ASTM; Merck, NJ, USA) and a mixture of
chloroform/ methanol/ water (65/25/4, v/v/v) as the eluent.

Reverse-Phase Higher Performance Liquid Chromatography (RP-HPLC)

The purity of all the synthesized phosphatidylcholines was analyzed using a reverse-phase higher performance
liquid chromatography (RP-HPLC) Waters 2695 system (Waters Corporation, MA, USA) equipped with
a photodiode array detector (Waters 2996, Waters Corporation, Milford, USA) at a wavelength of 220 nm.
A C18 reverse-phase column (5 pm x 4.6x150 mm, Kromasil® C18, Nouryon, Amsterdam, Netherlands) was
used. The mobile phase consisted of methanol: acetonitrile/ 0.05% orthophosphoric acid (80/15/5, v/v/v) and was
pumped at a flow rate of ImL/min at 25 °C. The applied injection volume was 20 pL. All chromatographs were
processed using the Empower®™ 3 software (Waters Corporation, MA, USA).

NMR and Higher Resolution Mass Spectroscopy (HRMS)

Spectroscopic analysis was carried out on a Bruker Avance II 600 MHz spectrometer (Bruker, Billerica, MA,
USA). All samples of the synthesized conjugates were dissolved in a mixture of CDCl;/CD;OD (2:1, v/v) and
exposed to frequencies of 600 MHz for 'H, 150 MHz for '3C, and 243 MHz for *'P. The chemical shifts were
calibrated using the methanol proton signals (8; = 3.31) in the "H NMR and CDCl; (8. = 77.0) in the '*C NMR
spectra. For >'P NMR spectra, 85% phosphoric acid was used as an external standard. HRMS spectra were
obtained for all samples of the synthesized compounds using an electron spray ionization (ESI) technique on
a Waters ESI-Q-TOF Premier XE spectrometer (Waters Corporation, MA, USA).

Synthesis of Phospholipid — Indomethacin Conjugates

Synthesis of Chlorides (4, 12-14)

Indomethacin chloride (4), palmitic chloride (12), stearic chloride (13) and oleic chloric (14) were obtained according to
procedure described by Bauer.”* Substrates (2.4 mmol) were suspended in 10 mL of anhydrous methyl chloride, followed
by addition of oxalyl chloride (1230 pL, 14.4 mmol). A catalytic amount of dried dimethylformamide (DMF) was also
used to efficiently exchange the OH groups by Cl. The reaction mixture was then stirred for 1 h at room temperature.
Next, the solvent methyl chloride and excess of oxalyl chloride were evaporated under reduced pressure, and the obtained
in situ chlorides were subjected without purification to the next step of the synthesis.

Synthesis of |-Indomethacinoyl-2-Hydroxy-Sn-Glycero-3-Phosphocholine (IND-LPC) (5)
1-Indomethacinoyl-2-hydroxy-sn-glycero-3-phosphocholine (IND-LPC) (5) was obtained according to a slightly
modified procedure.”* GPC (257 mg, 1 mmol) and DBTO (249 mg, 1 mmol) were suspended in 7 mL of
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anhydrous propan-2-ol and refluxed for 1h. The mixture was cooled to room temperature and TEA (334 pL,
2.4 mmol) and the corresponding chloride of IND (3) were added. The mixture was stirred for 1 h and, after this
time, it was filtered using diatomaceous earth (Celite® 110, St. Louis, MO, USA) and washed with propan-2-ol
and chloroform. The organic solvent was next evaporated under reduced pressure and the products were purified
via silica gel column chromatography using chloroform: methanol: water (65:25:4, v/v/v). Spectroscopic data for

IND-LPC are included in the Supplementary Material as Supplementary information 1.

Synthesis of Drug-Phospholipid Conjugates with Indomethacin in the Sn-1 Position (6-8)

IND-LPC (5) (250 mg, 0.42 mmol) was dissolved in anhydrous methyl chloride (4 mL). Next corresponding fatty acids:
palmitic, stearic or oleic (0.84 mmol) dissolved in 2 mL of anhydrous methyl chloride were added, followed by DMAP
(102.6 mg, 0.84 mmol in 2 mL of methyl chloride) and a solution of DCC (363.1 mg, 1.76 mmol, in 2 mL of methyl
chloride).® The mixture was stirred at room temperature for 72 h in the dark and after that the obtained products (6-8)
were extracted and purified by silica gel column chromatography.”® The spectroscopic data of all synthesized conjugates
are included in Supplementary Material as Supplementary information 2—4.

Synthesis of Drug-Phospholipid Conjugates with Indomethacin in the Sn-2 Position (18-20)

IND (3) (357.8 mg, 1 mmol) was added to an anhydrous methyl chloride solution (6 mL) containing 1-palmitoyl-
2-hydroxy-sn-3-glycerophosphocholine (0.5 mmol) or I-stearoyl-2-hydroxy-sn-3-glycerophosphocholine
(0.5 mmol) or l-oleoyl-2-hydroxy-sn-3-glycerophosphocholine (0.5 mmol) and DMAP (1 mmol). Next, DCC
(2.1 mmol) dissolved in dry methyl chloride (4 mL) was added to the mixture.”> Reaction was performed for
72 h in a nitrogen atmosphere at room temperature and in the dark. The product was extracted and purified by
silica gel column chromatography.?® The spectroscopic data of all the synthesized conjugates are included in the

Supplementary Material as Supplementary information 5—7.

Molecular Modeling

The topological polar surface area (TPSA), octanol-water partition coefficient (logP), and number of hydrogen bond
acceptors or donors were calculated using Molinspiration online property calculation toolkit software. Quantum calcula-
tions of the HOMO and LUMO energies (Enomo and Ep ymo, respectively), area, volume, ovality, and polarizability were
performed using the SPARTAN’18 software (Wavefunction, Inc., USA). The molecular geometry of each compound in
the aqueous phase was optimized utilizing the density functional theory (DFT) approach with the ®B97X-D exchange-
correlation potential, incorporating empirical corrections for dispersive interactions, together with the 6-311+G** basic
set. The optimized geometry of the specified molecule was validated as the true minimum using frequency analysis,
which revealed no imaginary frequencies. The impact of the solvent on the geometry and quantum mechanical

parameters was evaluated using the conductor-like polarizable continuum model (CPCM) technique.

Preparation of IND-OA-PC-NLC

The production of empty NLC and IND-OA-PC-NLC was performed using the hot high-pressure homogenization (HPH)
technique (Homogenizer FPG 12800, Stansted, United Kingdom).?” In the first step, a primary emulsion was produced with
a mixture of lipid phase containing Beeswax and Miglyol® 812 and IND-OA-PC and an aqueous phase containing Tween
80®, using an Ultra-Turrax® T10 basic (IKA-Werke GmbH & Co. KG, Staufen, Germany) at 8000 rpm for 30s. The
emulsion was subsequently exposed to HPH at 800 bar and 85 °C (three cycles) using Stansted-pressure cell homogenizer
FPG12800 (Stansted Fluid Power, Ltd., Essex, UK). Before further experiments, the final formulations were allowed to settle
and cool overnight at room temperature. Labelling was carried out using Nile Red (NR) to prepare formulations following
the same procedure, but with addition of a 0.04% (w/w) of NR to the formulation (IND-OA-PC-NLC-NR).?*
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Determination of Particle Size (Z-Ave), Polydispersity Index (PDIl), Zeta Potential (ZP)

and Entrapment Efficiency

NLC particle size (Z-Ave) and polydispersity index (PDI) were measured by dynamic light scattering (DLS) using
a Malvern Nano Zetasizer (Malvern Instruments, Malvern, UK). In addition, the NLC surface charge was assessed via
laser Doppler electrophoresis using zeta potential (ZP) measurements with the same apparatus. The formulations were
diluted with ultrapure water for the measurement of Z-Ave, PDI (1/10, v/v) and ZP (1/20, v/v).**=*° All measurements
were performed at 25 °C and reported as the mean + standard deviation (n = 3).

IND-OA-PC incorporated into the NLC was assessed by calculating the encapsulation efficiency (EE). EE was
measured indirectly by quantifying the non-encapsulated conjugate in the NLC using the filtration-centrifugation techni-
que. In brief, IND-OA-PC-NLC were diluted in water (1/10, v/v), filtered, and centrifuged using 0.5 mL Amicon® Ultracel
100 KDa filters (Merck kGaA, Darmstadt, Germany) at 14000 rpm for 15 min. The non-encapsulated IND-OA-PC in the
supernatant was quantified by RP-HPLC using a Kromasil® C18 column and the program described in the Analysis
Conditions section. The calibration curve was built using the IND-OA-PC concentration range of 0.25-500 pug/mL against
the area of the corresponding detected peaks (n = 3). The percentage of EE was calculated using Equation 1:

(Total initial amount of IND-O4-PC — Non-encapsulated IND-OA-PC)
Total initial amount of IND-O4-PC

%EE = x 100 (1)

Interaction Studies

Transmission Electron Microscopy (TEM)

Negative staining of IND-OA-PC-NLC was carried out using 2% of uranyl acetate placed on copper grids that were activated
with UV light to visualize them. The morphology of IND-OA-PC-NLC was studied by transmission electron microscopy (TEM)
using a JEOL 1010 microscope (JEOL, Akishima, Japan). The formulation was diluted to 1:5 (v/v) with ultrapure water.

Differential Scanning Calorimetry (DSC)

The thermodynamic profile was analyzed using a differential scanning calorimetry DSC 823e system (Mettler-Toledo
4000, Greifensee, Switzerland). Briefly, the samples were weighed in perforated aluminum pans using a Mettler M3
Microbalance (Mettler-Toledo, Greifensee, Switzerland). The Calorimetric curves were obtained in a nitrogen atmo-
sphere by using a heating ramp from 25 to 200 °C at 10 °C/min. A pan with indium (purity > 99.95%; Fluka,
Switzerland) was used to calibrate of the calorimetric system, and an empty aluminum pan was used as a reference.
The obtained data were evaluated using the Mettler STARe V 9.01 dB software (Mettler-Toledo, Barcelona, Spain).

X-Ray Diffraction (XRD)

X-ray diffraction (XRD) of air-dried samples were obtained by placing polyester films with a thickness of 3.6 um and
exposing them to Cu K” radiation (45 kV, 40 mA, A = 1.5418 A). The measurements were performed in the 20 range of
2-60°. The step size and interval of the measurements were 0.026° and 200 s, respectively.

Fourier Transform Infrared Spectroscopy (ATR-FTIR)

Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) spectra of IND-OA-PC-NLC were obtained using
a Thermo Scientific Nicolet iZ10 spectrometer equipped with an ATR crystal and DTGS detector (Thermo Scientific,
Barcelona, Spain). Infrared spectra were analyzed within a frequency range of 500-4000 cm ™' regions with 1 cm™" resolution.”'

Stability of Synthesized Compounds and NLC

Hydrolytic Stability of Synthesized Compounds to pHs

The stability of synthesized compounds at pH 1.2 and pH 7.4 was assessed using Clark-Lubs and PBS buffers, respectively.”'
IND-PL conjugates (4 mg/mL) in triplicates were prepared in each of the buffers and stirred (150 rpm) at 37 °C. At different
time intervals (0.5, 1, 2, 4, 8, 12, and 24 h), a volume of 100 pL of each sample was withdrawn. The samples were
subsequently dried under nitrogen flow and dissolved in 400 pL methanol for further analysis using RP-HPLC.

12700 "ee= International Journal of Nanomedicine 2024:19

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Thiruchenthooran et al

Storage Stability of NLC
IND-OA-PC-NLC were stored at 4, 25, and 38 °C monthly for 60 days. Changes in the particle size and electrical charge
parameters (Z-Ave, PDI, and ZP) were assessed monthly.

Biopharmaceutical Behaviour

The in vitro release profile of IND-OA-PC from IND-OA-PC-NLC (n = 3)was carried out by comparison against the same
concentration of free IND-OA-PC (1 = 3), present in 50% of hydroalcoholic solution, using direct dialysis technique.* In brief,
dissolution medium was composed of ethanol (50/50, v/v) in PBS buffer (pH 7.4) solution. A volume of 0.5 mL was added to
dialysis cassettes (MWCO 10KDa, Slide-A-Lyzer ™, Thermo Scientific, Rockford, USA) and placed inside the dissolution
medium, and incubated at 37 °C. At pre-estimated time intervals, a volume of 400 pL of the dissolution medium was collected
and replaced with the same volume of fresh medium. The IND-OA-PC concentration was quantified using RP-HPLC and plotted
as the cumulative drug release over time using Prism version 5.0 (GraphPad Software, MA, USA). The data were fitted to
common kinetic equations (first-order, hyperbola, Higuchi, and Korsmeyer-Peppas equations), as explained elsewhere.*

Sterilization by Gamma Radiation

IND-OA-PC-NLC were sterilized using a dose of 25 KGy of *°Co equipped with a gamma irradiation source
(Aragogamma, Barcelona, Spain). Modifications in Z-Ave, PDI, ZP and EE were estimated before and after gamma
irradiation to ensure the safety of irradiation as a source of sterilization.

Biological Studies

Cell Lines and Cultured Mediums

The selected human biphenotypic B myelomonocytic leukemia MV4-11 cell line and normal breast epithelial MCF-10A
cell line were obtained from the American Type Culture Collection (ATTC, Virginia, USA).Human non-small lung
cancer A-549, prostate cancer PC-3, and breast cancer MCF-7 cells were purchased from the European Collection of
Authenticated Cell Cultures (ECACC, Salisbury, UK). Human breast cancer MDA-MB-468 cells were obtained from the
Leibniz Institute, DSMZ-German Collection of Microorganisms and Cell Cultures (Leibniz, Germany).

All cell lines were kept at the Hirszfeld Institute of Immunology and Experimental Therapy, Polish Academy of Sciences
(ITET PAS, Wroclaw, Poland). MV4-11, PC-3, and MDA-MB-468 cells (IIET PAS, Wroclaw, Poland) were cultured in RPMI
1640 medium (Gibco, London, UK) with 1.0 mm sodium pyruvate (only MV4-11), 10% (PC-3), or 20% (MDA-MB-468)
fetal bovine serum (FBS) (Merck, Darmstadt, Germany). A549 cells (IIET PAS, Wroclaw, Poland) were cultured in RPMI
1640+Opti-MEM (1:1) (Gibco, London, UK) supplemented with 5% fetal bovine serum (Merck, Darmstadt, Germany). The
MCEF-7 cells were cultured in Eagle’s medium (ITET PAS, Wroclaw, Poland), supplemented with 8§ microg/mL of insulin and
1% of MEM NON-essential amino acids (Merck, Darmstadt, Germany). Normal breast epithelial MCF-10A cells were
cultured in the HAM’S F-12 medium (Corning, NY, USA), which was supplemented with 10% Horse Serum (Gibco, London,
UK), 20 ng/mL EGFh, 10 pg/mL insulin, 0.5 pg/mL Hydrocortisone and 0.05 mg/mL Cholera Toxin from Vibrio cholerae (all
from Merck, Darmstadt, Germany). All culture media were supplemented with 2 mm l-glutamine (Merck, Darmstadt,
Germany), 100 units/mL penicillin (Polfa SA Tarchomin, Warsaw, Poland), and 100 pg/mL streptomycin (Merck,
Darmstadt, Germany). All cell lines were cultured at 37 °C with 5% CO, humidified environment.

Determination of Antiproliferative Activity

The antiproliferative activity of IND, its phospholipid conjugates, and the fabricated IND-OA-PC-NLC was tested towards five
cancer cell lines (MV4-11, A549, PC-3, MDA-MB-468, and MCF-7). Cytotoxicity was also tested against the non-tumorigenic
cell line MCF-10A. The test compounds (drug, conjugates and loaded NLC) were diluted in the culture medium to reach the final
concentrations (1-625 uM). Before adding the test compounds (24 h prior), the cells were plated in 96-well plates (Sarstedt AG &
Co., Sarstedt, Germany) at a density of 0.5x10% (A549) or 0.75x10* (MDA-MB-468, MCF-7), or 1x10* (PC-3, MV4-11, MCEF-
10A) cells. The assay was performed after 72 h of exposure to conjugate solutions at concentrations of 1-625 uM. The particles
were diluted based on the total concentration of encapsulated IND-OA-PC concentration (1.5 mg/mL) in the IND-OA-PC-NLC.
The in vitro cytotoxic effects of test compounds were examined using the MTT (MV4-11) or SRB assays (A549, PC-3, MDA-MB
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-468, MCF-7, MCF-10A) as described previously.? The results were calculated as the ICs, (inhibitory concentration 50%), ie, the
concentration of tested compounds that was cytotoxic to 50% of the cells. ICsy values were calculated for each experiment
separately using the Prolab-3 system based on the Cheburator 0.4 software®* and the mean values + SD are presented in Tables 1
and 2. IND, its phospholipid conjugates, and the fabricated IND-OA-PC-NLC, at each concentration, were tested in triplicate in
a single experiment, which was repeated three to five times.

Table | The Half Maximal Inhibitory Concentrations (ICsq) of Indomethacin and Synthesized
Phosphatidylcholines Containing Indomethacin Moieties Against Selected Cancer Cell Lines and
Non-Tumorigenic Human Breast Epithelial Cell Line (MCF-10A)

Compound Cell Lines IC5o [uM]

MV4-11 A-549 PC3 MDA-MB-468 | MCF-7 MCF-10A
IND 204.5+41.5 120.6x31.6 160.2+61.5 | 270.5+56.3 187.2+194 | 191.3%11.4
IND-LPC 3.1x0.5 27.2+49 14.4+2.9 2.7£0.5 7.9+0.7 6.91.5
IND-PA-PC | 430.2+103.7 | 423.3+84.1 563+75.1 na. 424.1£144 | na.
IND-SA-PC | 160.4+59.7 | 201.4+235 209.2£18.3 | 214.3+46.1 229.9+10.3 | 305.1%11.9
IND-OA-PC | 52.4%3.2 422433 33.5+6.2 67.5+4.9% 58.2+3.7% 181.8+£32.3
PA-IND-PC | 267.6+34.3 233.1+108.2 | 233+0.6 280.8+35.9 276+133.8 | 309.1£10.8
SA-IND-PC | 329.4+34.6 | 242.7+157 | 230.4%15.8 | 288.6x12.2 288.4+22.2 | 539.8+42.9
OA-IND-PC | 56.3+0.8 53.8+1.2 58%11.9 56.4+0.6* 59.8+2.1* 101.5£19.8

Notes: *p < 0.05 in comparison to MCF-10A cells, non-parametric Mann—Whitney test, GraphPad Prism 7. Data are presented
as mean * standard deviation (SD) calculated using the Prolab-3 system based on Cheburator 0.4 software.>*
Abbreviations: IND, indomethacin; IND-LPC,|-indomethacinoyl-2-hydroxy-sn-glycero-3-phosphocholine; IND-PA-PC,
|-indomethacinoyl-2-palmitoyl-sn-glycero-3-phosphocholine; IND-SA-PC, |-indomethacinoyl-2-stearoyl-sn-glycero-3-phospho-
choline; IND-OA-PC, |-indomethacinoyl-2-oleoyl-sn-glycero-3-phosphocholine; PA-IND-PC, |-palmitoyl-2-indomethacinoyl-sn
-glycero-3-phosphocholine; SA-IND-PC, [-stearoyl-2-indomethacinoyl-sn-glycero-3-phosphocholine; OA-IND-PC, [-oleoyl-
2-indomethacinoyl-sn-glycero-3-phosphocholine; n.a., not active in the range concentration (5-625 uM).

Table 2 The Selectivity Index (SI) of Tested Compounds Against
Selected Cancer Cell Lines

Compound Cell lines/calculated selectivity index Sl
MV4-11 | A-549 | PC3 | MDA-MB-468 | MCF-7

IND-LPC 2.23 0.25 048 | 2.56 0.87
IND-PA-PC | - - - - -
IND-SA-PC | 1.90 1.51 1.46 | 1.42 1.33
IND-OA-PC | 3.47 431 543 | 2.69 3.12
PA-IND-PC | I.16 1.33 1.33 | 1.10 1.12
SA-IND-PC | |.64 222 234 | 1.87 1.87
OA-IND-PC | 1.80 1.89 1.75 | 1.80 1.70

Notes: S| = ICs, for normal cell line (MCF-10A)/ ICs, for respective cancerous cell lines.
A beneficial SI > 1.0 indicates a drug with greater efficacy against tumor cells than toxicity
against normal cells.

Abbreviations: IND, indomethacin; IND-LPC, | -indomethacinoyl-2-hydroxy-sn-glycero
-3-phosphocholine; IND-PA-PC, |-indomethacinoyl-2-palmitoyl-sn-glycero-3-phospho-
choline; IND-SA-PC, |-indomethacinoyl-2-stearoyl-sn-glycero-3-phosphocholine; IND-
OA-PC, |-indomethacinoyl-2-oleoyl-sn-glycero-3-phosphocholine; PA-IND-PC, |-palmi-
toyl-2-indomethacinoyl-sn-glycero-3-phosphocholine; SA-IND-PC,  |-stearoyl-2-indo-
methacinoyl-sn-glycero-3-phosphocholine; OA-IND-PC, |-oleoyl-2-indomethacinoyl-sn-
glycero-3-phosphocholine.

12702 "= International Journal of Nanomedicine 2024:19

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Thiruchenthooran et al

Cell Cycle Analysis

MV4-11 and MDA-MB-468 cells were seeded at a density of 3x10° cells/well or 1.2x10° cells/well, respectively, in
6-well plates (Sarstedt AG & Co., Sarstedt, Germany) to a final volume of 4 mL. The cells were exposed for 72 h to the
test compounds at concentrations about its 1.5 X ICsy (IND-LPC at 4.5 pM, IND-OA-PC and OA-IND-PC at 80 uM
(MV4-11) or 90 uM (MDA-MB-468)). Following incubation, the cells were harvested and 1x10° of cells were washed
twice in cold PBS and subsequently fixed for 24 h in 70% ethanol at —20 °C. Then, the cells were washed twice with PBS
and incubated with RNAse (8 png/mL; Fermentas, Germany) at 37 °C for 1 h. The cells were then stained for 30 min with
propidium iodide (PI) (50 pg/mL, Merck, Darmstadt, Germany) at 4 °C, and the cellular DNA content was analyzed by
flow cytometry using BD LSRFortessa cytometer (BD Biosciences, San Jose, CA, USA). The compounds at each
concentration were tested independently at least thrice. The obtained results were analyzed using Flowing software 2.5.1
(Turku, Finland).

Apoptosis Determination by Annexin V Staining

MV4-11 and MDA-MB-468 cells were cultured at a density of 1 x x 10° cells/well or 0.4x10° cells/well, respectively, in
culture medium on 24-well plates (Sarstedt AG & Co., Sarstedt, Germany) to a final volume of 2 mL. The cells were
exposed to the test compounds for 72 h at concentrations of its 1.5 % ICsy (IND-LPC at 4.5 uM, IND-OA-PC, and OA-
IND-PC at 80 uM (MV4-11) or 90 pM (MDA-MB-468)). After incubation, the cells were harvested, and 2x10° cells
were washed twice with PBS and suspended in 100 pL of binding buffer (HEPES buffer: 10 mm HEPES/NaOH, pH 7.4,
150 mm NaCl, 5 mm KCl, 1 mm MgCl,, 1.8 mm CaCl, (IIET, Wroctaw, Poland) with 4 uL of APC-Annexin V (BD
Pharmingen, USA, 2 ug/mL). Following a 15-minute incubation in the dark at ambient temperature, PI solution was
introduced before analysis to achieve a final concentration of 4 pug/mL. Data acquisition was conducted via flow
cytometry utilizing a BD LSRFortessa cytometer (BD Biosciences, San Jose, USA). The test compounds at each
concentration were analyzed independently at least thrice. The results were analyzed using Flowing software 2.5.1
(Turku, Finland). The data are displayed as a two-color dot plot with APC-annexin V vs PI., PI-/Annexin V+ were early
apoptotic cells, PI+/Annexin V+ were late apoptotic or necrotic cells and double-negative cells were live cells.

Caspase-3/7 Activity Determination

MV4-11 and MDA-MB-468 cells were seeded at a density of 0.5x10° cells/well or 0.2x10° cells/well, respectively, of
culture medium in 48-well plates (Sarstedt AG & Co., Sarstedt, Germany) to a final volume of 1 mL. Cells were exposed
to the test compounds for 24h or 72h at concentrations of its 1.5 x IC5q (IND-LPC at 4.5 uM, IND-OA-PC, and OA-IND-
PC at 80 uM (MV4-11), or 90 uM (MDA-MB-468). After incubation cells were suspended in 50 pL of ice-cold lysis
buffer (50 mm HEPES, 10% (w/v) sucrose, 150 mm NaCl, 2 mm EDTA, 10 mm DTT, 1% (v/v) Triton X-100, and pH
7.3, IET PAS, Warszawa, Poland) and incubated for 30 min at 4 °C. After the incubation, 40 pL of each sample was
transferred to a white 96-well plate (Corning, NY, USA) containing 160 pL of the reaction buffer (20 mm HEPES, 10%
sucrose, 100 mm NaCl, 1 mm EDTA, 10 mm DTT, and 0.02% Triton X-100, pH 7.3) (IIET PAS, Warszawa, Poland)
with Ac-DEVD-AMC (final concentration 10 uM) fluorogenic substrate (A, = 360 nm, A.,, = 460 nm). The fluorescence
increase correlated with the caspase-3/7 levels was continuously recorded at 37 °C for 90 min using a Biotek Synergy H4
(Biokom, Warsaw, Poland). The test compounds at each concentration were analysed in duplicate in a single experiment,
and each experiment was independently repeated at least thrice. The results were normalized to the cells count in each
well and are presented as the mean relative caspase-3/7 activity compared to the untreated control sample + standard
deviation.

Determination of Compounds Accumulation in Cells by Flow Cytometry

Both IND-OA-PC-NLC and empty NLC were fluorescently labelled with NR to determine their accumulation in the
cancer cells. MDA-MB-468 and prostate cancer PC-3 cells (2 x 10° cells) were incubated for 5, 15, and 30 min and 1, 2,
and 4 h with IND-OA-PC-NLC-NR (20 uM). After incubation, cells were washed with PBS and analyzed by flow
cytometry using a BD LSRFortessa cytometer (BD Biosciences, San Jose, USA). Untreated cells served as the unlabeled
controls. The The findings were checked utilizing the Flowing software 2 (Cell Imaging Core, Turku Centre for
Biotechnology, University of Turku Abo Akademi University).
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Statistical Analysis
Student’s #-tests followed by Tukey’s post-hoc tests were performed for two-group comparisons to indicate significant
differences between treatments using StatGraphics 18.

Results and Discussion
Synthesis of Indomethacin-Phospholipid Prodrugs

PLs are used in the pharmaceutical industry as components of clinically approved drug formulations.*>*® Their
biocompatible nature makes PLs safe materials to be administered via oral, and parenteral routes. The conjugation of
lipids with drugs changes the physicochemical properties of these latter and their absorption, distribution, metabolism
and elimination (ADME) properties, which are capable of overcoming restrictive barriers.”*® This strategy makes
possible the conjugates achieve increased cell penetration, bioavailability and accumulation within the tumor, as well as
prolonged release time, leading to increased chances of achieving the desired therapeutic effects with reduced toxicity.
Moreover, phospholipid-drug conjugates are biomaterials that can assemble into nanoparticles with even higher permea-
tion with improved pharmacokinetics.*

In the present work, we proposed and developed a biodegradable lipid-based nanoparticulated delivery system for
IND in cancer therapeutics (based on lipid-drug conjugation). For the synthesis of IND-PL conjugates, optically pure
GPC with the natural R-configuration of a chiral center was used as the substrate. Two series of phosphatidylcholines
containing IND at the sn-1 or sn-2 position of GPC were synthesized, as shown in Schemes 1 and 2, respectively.

The first GPC was transformed into cyclic styrene ketal (2) by treatment with DBTO and then selectively acylated
with previously synthesized in situ indomethacin chloride (IND-CI) (4). IND-CI was obtained by the reaction of IND
with oxalyl chloride in the presence of catalytic amounts of anhydrous DMF. 1-Indomethacinoyl-2-hydroxy-sn-glycero
-3-phosphocholine (IND-LPC) (5) was obtained next, according to known procedures®* in 31% yield and its formation
was confirmed by spectroscopic data (Figures S1-S4). Next, IND-LPC (5) was esterified using palmitic, stearic, and oleic
acids. The heterosubstituted phosphatidylcholines (6-8) were obtained in good 25-50% yields under the Steglich
conditions (Figures S5-S16).
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Scheme | Synthesis of 2-lysophosphatidylcholine (5) and phosphatidylcholines (6-8) structured with IND. Reagents and conditions: (a) DBTO, 2-propanol, reflux, | h; (b)
oxalyl chloride, DMF, CH,Cly; (c) TEA, rt, | h; (d) palmitic acid or stearic acid or oleic acid DMAP, DCC, 72 h.
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Scheme 2 Synthesis of phosphatidylcholines (18-20) structured with IND. Reagents and conditions: (a) DBTO, 2-propanol, reflux, | h; (b) oxalyl chloride, DMF, CH,Cl;
(c) TEA, rt, | h; (d) IND, DMAP, DCC, 72 h.

The second group of phospholipids, phosphatidylcholines with IND at the sn-2 position (18-20), was synthesized in
good yields (26-65%) (Figures S17-S28) by reacting IND with corresponding 1-acyl-2-hydroxy-sn-glycero-3-phospho-
cholines bearing as the acyl palmitic, stearic, or oleic acids (15-17) (Scheme 2).

The compounds were purified, and their structures were established by nuclear magnetic resonance (NMR) (‘H, '°C,
*'P NMR), correlation spectroscopy (COSY), heteronuclear quantum correlation spectroscopy (HSQC), and mass
spectrometry (ESI-MS). Spectroscopic data for all synthesized products are reported in Supplementary Material.

Determination of Antiproliferative Activity of Synthesized Conjugates
The antiproliferative activities of IND and its hybrids were evaluated in selected cancer cell lines: leukemia (MV4-11),
lung (A549), prostate (PC-3), and breast (MDA-MB-468 and MCF-7), whereas their safety was evaluated in the non-
tumorigenic human breast epithelial cell line MCF-10A. Based on these results, conjugation of IND with PLs sig-
nificantly increased the anticancer potential of this drug. Among all the tested compounds, IND-LPC (5) was the most
active molecule in all cancer cell lines (Table 1). This compound inhibited effectively and selectively leukemia (MV4-11)
and breast (MDA-MB-468) cancer cells at concentrations of 3.1 uM and 2.7 uM, respectively. The determined values
were 66- and 100-fold lower than those observed for free IND, and were not toxic at these doses towards the non-
tumorigenic human breast epithelial cell line MCF-10A. IND-LPC was 3-times more active against triple negative
(TNBC, HER-, PR-, ER-) breast cancer cells MDA-MB-468 than estrogenic positive (ER+) breast cancer MCF-7 cells.

Among studied heterosubstituted phosphatidylcholines (6—8 and 18-20) the best results were observed for hybrids
containing oleic acid in the structures of phosphatidylcholines IND-OA-PC (8) and OA-IND-PC (20). These hybrids
exhibited strong antiproliferative activity towards all studied cancer cell lines, with ICsy values in the range
33.5-67.5 uM. Hybrids with oleoyl acyl residues were 2—4 times more active than free IND, and 3—-10 times more
active than hybrids with acyl from stearic acid and palmitic acid. The hybrids had similar antiproliferative activity against
triple-negative (MDA-MB-468) and ER-positive (MCF-7) breast cancer cells.

The selectivity of the synthesized conjugates was assessed by comparing the cytotoxic activity (IC50) of each
compound tested against each human cancer cell line with their activity against healthy MCF-10A cells (Table 2).
Heterosubstituted phosphatidylcholine (8) bearing IND in the sn-1 position and oleic acid in the sn-2 position possessed
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the highest selectivity indices (much higher than free IND). This was especially visible against prostate (SI=5.43) and
lung (SI=4.31) cancers and confirmed that hybrids are selective antitumor agents. The comparison of IC50s values for
breast cancer cells (MCF-7 and MDA-MB-468) and non-tumorigenic breast MCF-10A cells showed statistically
significant higher antiproliferative activity of these two compounds against cancer cells.

The Effect of Compounds 5, 8 and 20 on the Cell Cycle of MV4-11 and MDA-MB-468
The effects of the three most active compounds (IND-LPC, IND-OA-PC and OA-IND-PC) were analyzed on the cell
cycle progression of the most sensitive among studied lines of leukemia (MV4-11) and breast cancer (MDA-MB-468)
cells. Flow cytometry analysis was performed after staining cellular DNA with propidium iodide (PI). As this dye
binds stoichiometrically to DNA, it is possible to determine its content in an individual cell and thus determine the size
of the cell population in a given phase of the life cycle (the amount of PI bound to a cell is proportional to the amount
of DNA).

Using this technique, the percentage of cells in each phase of the cell cycle (GO/G1, S, and G2/M) was estimated
(Figure 2A and B). After 72 h exposure of MV4-11 cells to the test compounds at their predetermined active doses (1.5 x
ICs), the test compounds caused only a slight decrease in the percentage of cells in the GO/G1 phase (comprising non-
dividing cells and just after mitotic division with a single amount of 2N genetic material) and a decrease in the number of
cells in the S phase of the cell cycle (comprising cells in the process of synthesizing genetic material, 4N). This indicates
that they are weak inhibitors of the cell cycle and may act via other independent mechanisms. IND-LPC and OA-IND-PC
strongly induced cell death at these concentrations. The opposite situation was observed in breast cancer cells (MDA-MB
-468), in which heterosubstituted PC caused an increase in the percentage of cells in the GO/G1 phase. Compound OA-
IND-PC stopped the cell cycle in the GO/G1 phase, but did not induce cell death, and compound IND-OA-PC stopped the
cell cycle in the GO/G1 and S phases. IND-LPC strongly induces breast cancer cell death.

Apoptosis Determination by Annexin-V Staining

To determine the type of death induced, a further study was carried out using an Annexin-V antibody because it binds to
phosphatidylserine, which is present on the outer side of the cell membrane during early and late apoptosis. Using PI, which
penetrates only through damaged cell membranes, we confirmed that only IND-LPC and OA-IND-PC (at a concentration of
1.5 x ICsp) slightly increased the number of apoptotic (AnV+/PI+) MV4-11 cells (Figure 2C and D). No effect was
observed on MDA-MB-468 cells.

Caspase-3/7 Activity Determination

Activation of caspase cascades is one of the mechanisms involved in apoptosis, with caspase-3 and —7 serving as the
primary effectors. The peptide substrate for caspase-3/7: Ac-DEVD-AMC was used to evaluate the expression of active
caspase-3/7. Although caspase-3 and —7 share very similar primary sequence specificity, it was found that they cleave
a particular set of native substrates at different rates based on factors other than the primary sequence. The results from
caspase-3 and/or caspase-7 activation together allowed to check whether “executors of apoptosis” caspases are activated
and whether the observed cell death occurs via the caspase pathway. The leukemia MV4-11 and breast cancer MDA-MB
-468 cells were incubated for 24 h or 72 h with the test compounds (at a concentration of 1.5 x ICs), and using
camptothecin as the positive control (at a concentration of 0.025 pg/mL) (Figure 2E and F). Compound IND-LPC
induced activation of caspase-3 in higher level after 24 h than 72 h and in higher level in breast cancer cells than in
leukemia cells (the same concentration, 4.5 uM, was applied). Heterosubstituted PC induced caspase-3 activity in MV4-
11 and MDA-MB-468 cells at similar level after 24 h and 72 h except for OA-IND-PC, which strongly increased caspase
activity in MV4-11 cells after 72 h. This result was in accordance with those obtained for MV4-11 cell death induction
(increase in phosphatidylserine expression, AnV+).

Molecular Calculations
Molecular modeling was carried out to determine the molecular characteristics of the conjugates responsible for their
anticancer properties. The obtained results are summarized in Table 3. The energy difference AE is presented as the
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Figure 2 Cell cycle analysis (A and B) after 72 h treatment, cell death analysis (C and D) and Caspase-3/7 expression analysis (E and F) of MV4-11 and MDA-MB-468 cells
after 24 h and 72 h treatment. Treatment concentrations were |-IND-LPC (4.5 uM), 1-IND-2-OA-PC (80 uM or 90 uM) and |-OA-2-IND-PC (80 uM or 90 uM). *p < 0.05
in comparison to control cells, Kruskal-Wallis test, GraphPad Prism 7.

“energy gap” which is the difference between the highest occupied molecular orbital (Eyomo) and lowest unoccupied

molecular orbital (E; ymo). The values of absolute electronegativity (), chemical potential (i), absolute hardness (n) and

electrophilicity index (@) were calculated on the basis of the calculated Eyonmo and Epymo using equations 2

40-42
—4.
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Table 3 Parameters Describing the Electronic Properties of Studied Molecules Calculated Using SPARTAN’I8

Software

Compound Enomo (eVY) | ELumo (eV) | AE (eV) | % n o) Dipole moment (Db) | Polarizability
IND —5.71 -1.76 3.95 374 | 198 | 353 | 5.18 68.24
IND-LPC —5.67 -1.7 3.97 3.69 | 199 | 342 | 27.54 86.47
IND-PA-PC | -5.68 —-1.75 3.93 372 | 197 | 351 | 23.13 110.82
IND-SA-PC | —-5.67 -1.7 3.97 369 | 199 | 342 | 1925 113.77
PA-IND-PC | -5.69 -1.72 3.97 371 | 199 | 346 | 1653 110.79
SA-IND-PC | -5.66 —-1.69 3.97 3.68 | 1.99 | 3.40 | 19.56 113.79
IND-OA-PC | -5.69 -1.60 4.09 3.65 | 2.05 | 325 | 853 113.25
OA-IND-PC | -5.58 -1.82 3.76 370 | 1.88 | 3.64 | 9.12 113.21

Abbreviations: IND, indomethacin; IND-LPC, |-indomethacinoyl-2-hydroxy-sn-glycero-3-phosphocholine; IND-PA-PC, |-indomethacinoyl-2-palmi-
toyl-sn-glycero-3-phosphocholine; IND-SA-PC, |-indomethacinoyl-2-stearoyl-sn-glycero-3-phosphocholine; IND-OA-PC, |-indomethacinoyl-2-oleoyl-
sn-glycero-3-phosphocholine; PA-IND-PC, |-palmitoyl-2-indomethacinoyl-sn-glycero-3-phosphocholine; SA-IND-PC, |-stearoyl-2-indomethacinoyl-sn-
glycero-3-phosphocholine; OA-IND-PC, |-oleoyl-2-indomethacinoyl-sn-glycero-3-phosphocholine; Ejjomo and E ymo, HOMO and LUMO energy; AE,
Energy gap; x, absolute electronegativity; n, absolute hardness; , electrophilicity index.

_ Enomo + ELumo

X=—h=—"" 5 2
Eromo — Erumo
e 3
2 3)
2
U
= — 4
0] 2 4)

Any significant differences between AE, y and 1 calculated for IND and its conjugates were observed. However, the
highest values of AE and n were observed for IND-OA-PC which indicates that this conjugate is the most stable among
studied. In parallel, the lowest values of AE and n were noticed for OA-IND-PC. These results suggest that the double
bond in the acyl chain and the position of this unsaturated chain in the conjugate structure may determine the reactivity of
the molecule. The higher reactivity of OA-IND-PC was also indicated by the highest value of ® which expresses the
propensity of the electron acceptors to acquire additional electronic charges from the environment. On the other hand, all
studied conjugates were characterized by higher polarizability and dipole moment compared to the values of these
parameters calculated for IND. This suggests that the differences in the biological activities of these compounds may
result from changes in their trend toward charge distribution following conjugation.

Table 4 presents the descriptor values for the thermodynamic (logP) and structural (TPSA, area, volume, and ovality)
properties of these molecules. IND and its conjugates containing long-chain fatty acids are lipophilic compounds.
Lipophilicity is characterized by the octanol/water partition coefficient (logP), which has been used to predict the
biological activity of compounds and describe their ability to reach specific molecular targets. Lipophilic molecules
possess logP higher than 0.** Among studied compounds, only IND-LPC has a higher affinity for the aqueous phase
(logP lower than 0). Conjugation of IND with LPC or PC and palmitic, stearic, and oleic acid increased the molecular
mass and, thus, all structural parameters of the synthesized compounds. Chemical modifications allow IND to acquire
new biological properties in vitro. The Lipinski’s rule of five, published in 1997 by Christopher A. Lipinski, states that
molecules with the best solubility and permeability should exhibit a molecular mass below 500, logP < 5, no more than
5 hydrogen bond donors (HBD) and no more than 10 hydrogen bond acceptors (HBA).** Molecules violating more than
one of these principles may have problems with bioavailability. For the studied conjugates, both their HBA and
molecular weights were high. Therefore, in the next step, we applied nanotechnology techniques to target the active
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Table 4 Parameters Describing Thermodynamic and Structural Properties of Studied Molecules Calculated Using
SPARTAN’18 (Volume, Area, Ovality) or Molinspiration (logP, TPSA, HBA, HBD) Software

Compound | logP | TPSA (A?) | Area (A% | Volume (A%) | Ovality | HBA | HBD | Molecular weight (g/mol)
IND 3.99 | 68.54 359.43 3427 1.52 5 | 357.79
IND-LPC -4.07 | 136.37 598.91 567.41 1.81 1 | 597.00
IND-PA-PC | 3.62 | 14244 934.45 867.50 2.12 12 0 835.42
IND-SA-PC | 463 | 14244 971.53 903.99 2.15 12 0 863.47
PA-IND-PC | 3.62 | 14244 933.07 867.3 2.12 12 0 835.42
SA-IND-PC | 463 | 142.44 954.59 899.36 2.12 12 0 863.47
IND-OA-PC | 4.14 | 14244 943. 897.96 2.1 12 0 861.45
OA-IND-PC | 4.14 | 142.44 936.97 896.49 2.08 12 0 861.45

Abbreviations: IND, indomethacin; IND-LPC, | -indomethacinoyl-2-hydroxy-sn-glycero-3-phosphocholine; IND-PA-PC, |-indomethacinoyl-2-palmitoyl-sn-
glycero-3-phosphocholine; IND-SA-PC, |-indomethacinoyl-2-stearoyl-sn-glycero-3-phosphocholine; IND-OA-PC, |-indomethacinoyl-2-oleoyl-sn-glycero
-3-phosphocholine; PA-IND-PC, |-palmitoyl-2-indomethacinoyl-sn-glycero-3-phosphocholine; SA-IND-PC, |-stearoyl-2-indomethacinoyl-sn-glycero-3-phos-
phocholine; OA-IND-PC, |-oleoyl-2-indomethacinoyl-sn-glycero-3-phosphocholine; logP, octanol/water partition coefficient; TPSA, topological polar surface
area; HBA, number of hydrogen bond acceptors.

molecules and increase their bioavailability. Topological polar surface area (TPSA) is a good indicator of intestinal drug
absorption and penetration through the blood-brain barrier. Generally, the TPSA of orally administered drugs should be
lower than 140 A%.* For the synthesized hybrids, the values for this parameter ranged from 136.37 to 142.44.

Preparation of Nanostructured Lipid Carriers Loading Selected Hybrid IND-OA-PC
and Characterization of IND-OA-PC-NLC

After characterizing the conjugates, IND-OA-PC was encapsulated into an NLC formulation prepared using the
combined methodology of high shear homogenization (HSH) and HPH techniques, as illustrated in Figure 3A. Empty
NLC were fabricated following the same procedure but without the addition of IND-OA-PC.

To fabricate empty NLC, an aqueous phase containing Tween 80® and a lipid phase consisting of BW and Miglyol®™
812 were used. IND-OA-PC was dissolved in the lipid phase. Tween 80, a sorbitan oleate ester, was selected as a non-
toxic and non-ionic surfactant that prevents particle aggregation and degradation.*® Miglyol® 812 is a glycerol triester of
caprylic and capric acids, known for its high chemical stability and low viscosity*’ whereas BW is a natural wax that
consists mainly of esters of fatty acids and various long-chain alcohols.*® Selected excipients are on the list of products
with Generally Recognized As Safe (GRAS) status and are dedicated to the production of formulations administrated by
the oral route.*’ Moreover, all the above products are also on the list of safe substances in the inactive ingredients
database of the FDA.>°

According to the procedure presented in Materials and Methods, the aqueous and lipid phases were heated at 85 °C in
a water bath and their mixture was homogenized using HSH at 8000 rpm for 30s. The obtained pre-emulsion was then
subjected to hot HPH technique (900 bar, 85 °C) (Figure 3A). The final formulations of NLC and IND-OA-PC-NLC
were milky and of white color (Figure 3B).

The HSH method, performed using Ultra-Turrax® T10 basic, was used to obtain emulsions by mechanically mixing
all components. Subsequently, the HPH method was applied. This technique is based on the application of high-pressure
and mechanical forces in the production of NLC, and offers many advantages. The process is easy to scale up and fast in
the production of uniform and stable NLC with a small size. Moreover, this method avoids toxic chemicals, which is
important for maintaining good manufacturing standards for pharmaceutical products.’’

DLS technique was applied to determine the main parameters (Z-Ave and PDI) of the fabricated nanoformulations.
Size of the empty NLC and IND-OA-PC-NLC were 163 + 1.39 and 155.5 £ 1.35 nm, respectively. They were
monomodal populations with PDI from 0.17 = 0.01 to 0.15 + 0.01 and negative surface charge (ZP) values of 21 +
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0.27 mVand —17.4 + 0.49 mV (Figure 3D). According to the TEM images (Figure 3C), the IND-OA-PC-NLC showed no
particle aggregation, attributed to the negative electric repulsion of the particles. Furthermore, TEM images confirmed
that the IND-OA-PC-NLC were spherical, and the Z-Ave was very similar to that obtained using DLS. The shape of NLC
plays a vital role in cellular internalization of the particles. In this regard, spherical particles are internalized by cells
quicker than any other particle shapes.>

The physicochemical parameters of NLC play a crucial role in their anticancer applications. NLC require a higher
half-life and circulation time.>® Considering particle targets; particles within a certain size range can be withdrawn by
organs, particles < 100 nm can be expelled through the liver, and those between 10 and 20 nm can be expelled through
the kidney. The favored particle size range for a higher circulation time range is 150-200 nm, which is in accordance
with the size of the obtained IND-OA-PC-NLC.>* It is also worth noting that the circulation time is often compromised
by the mononuclear phagocyte system (MPS), and possible bypassing of the MPS is determined by the particle surface.
Cationic surface charge makes particles identified by MPS faster than anionic and neutral particles but neutral surface
charge may cause particle aggregation.>” In an attempt to avoid these obstacles, we prepared anionic IND-OA-PC-NLC
for anticancer application. Notably, anionic nanoparticles reduce adverse toxic effects during blood circulation by
preventing their binding to blood proteins. Cationic and neutral nanoparticles bind to blood proteins.*

The encapsulation efficacy (EE) of IND-OA-PC in NLC was estimated from quantification of non-encapsulated
amount of IND-OA-PC, and the value was 99.9 + 0.2%. Its excellent EE and reduction in particle size in DLS analysis
were associated with the interaction of IND-OA-PC with other lipids. This was further confirmed by the interaction
between IND-OA-PC and the lipid matrix characterized by different techniques.

Analysis of Interactions

DSC was performed to identify the compatibility between the selected lipids and IND-OA-PC (Figure 3E). IND and
IND-OA-PC showed melting endothermic peaks at 164 °C and 91 °C, respectively. The incorporation of IND into
phosphatidylcholine formed a hybrid molecule in an amorphous state and prevented the recrystallization of IND.
A change in the heating enthalpy (AH) of IND from 111.01 to 22.34 J/g was observed after the conjugation of the
drug with PC. Ty 162.6 °C was observed for IND, whereas for IND-OA-PC was detected at 80.7 °C. BW during the
fabrication of NLC resulted in good compatibility with other excipients with similar Ty,s¢ at 61.3 °C and AH change
reduction from 134.14 to 56.72 J/g. The addition of liquid lipid Miglyol® 812 reduced the crystallinity of BW. In IND-
OA-PC-NLC, T,neet and AH were further reduced to 47.7 °C and 53.64 J/g, respectively. The above evidence indicates
that loading IND-OA-PC further distorted the lipid matrix. The thermograms obtained in our study produced a well-
distorted lipid matrix that was suitable for IND-OA-PC encapsulation. IND-OA-PC was well homogenized and
compatible with the lipid matrix.> Typee; of NLC and IND-OA-PC-NLCs were slightly different at 64 °C and 62 °C,
respectively.

In addition, the interactions between IND-OA-PC, the lipid matrix, and the surfactant were analyzed using FTIR
spectroscopy. Figure 3F presents the FTIR spectra of IND, IND-OA-PC, solid lipid BW, empty nanoparticles (NLC), and
IND-OA-PC-NLC. The IND spectrum presented characteristic bands at 1716 and 1690 cm ™' assigned to the vibration of
the carbonyl (C=0) group, and bands from the aromatic ring (C=C) at 1479 cm'. Additional bands between 1262 and
1221 cm™' originate from the ether group (=C-O), whereas the band below 1012 ¢cm ' and the band at 737 cm™'
correspond to the C—Cl stretching and C—H deformation bonds, respectively.”®

The structure of IND-OA-PC was confirmed by the spectrum band at 1729 cm ™' from the carbonyl group (C=0) and
at 1235 cm ™' from the ester bonds. For BW in the FTIR spectrum in the fingerprint region, the bands are in accordance
with those presented in the literature®® whereas in the spectrum of empty NLC, bands at 1157 and 1104 cm ™" correspond
to the presence of Miglyol®™ 812 in the lipid matrix.>’

The XRD profiles presented in Figure 3G allow the assessment of the crystallinity of IND-OA-PC in NLC. IND
presents sharp 2-theta peaks at 10.2°, 11.8°, 17.0°, 19.9°, and 21.9°, whereas IND-OA-PC showed minor intense peaks at
3.9° and 20.8°. These peaks were not detected in IND-OA-PC-NLC, indicating that they were present in a dissolved state
in the NLC. BW presents 2-theta peaks at 21.4° and 23.8° (20) characteristic of the B’ form of triacylglycerols,”® which
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is reduced in the spectra, attributed to the interaction with Miglyol® 812. This may contribute to BW recrystallization,
prevent IND-OA-PC expulsion, and boost the loading capacity.>

FTIR showed no additional changes in functional groups during IND-OA-PC loading due to hydrophobic interac-
tions, hydrogen bonds, and van der Waals interactions.>®

Stability of IND-OA-PC and IND-OA-PC-NLC

Ester bonds between hydroxyl group of glycerol skeleton and IND/OA have been reported to be pH-sensitive.*’
Therefore, stability of IND-OA-PC was assessed at pH 1.2 and 7.2 to resemble gastric and blood pH, respectively.
Hydrolysis of IND-OA-PC was not observed during the initial 12 h at any pH value (Figure 4A). After this time, at pH
1.2, hydrolysis of IND-OA-PC begin to, and after 24 h only 13.67 + 2.32% remained unaltered. IND-OA-PC was stable
at pH 7.2 throughout the study period.

Moreover, long-term storage stability of IND-OA-PC-NLC formulation was carried out at 4, 25, and 38 °C. The particle
size, PDI, and ZP were monitored for up to 60 days, and the results are presented in Figure 4B and C. The Z-Ave did not
show significant variations at any of the studied temperatures, and the PDI values decreased to below 0.2. In addition, no
significant modifications in surface charge were observed for 60 days at 4 and 25 °C, but they occurred at 38 °C (p<0.0001).

Conjugation of biologically active molecules with lipids improves encapsulation efficacy and prevents particle
denaturation, as a result of enhancing interactions within the matrix.>®' The level of stability of the formulation is
also influenced by the manufacturing technique, and HPH favors the production of small-sized nanoparticles.”’ We
observed the short-term stability of the produced formulation up to 30 days. After this time, the encapsulation efficacy
(EE) was reduced at 25 and 38 °C to 98.45 + 0.87% and 97.58 + 0.11%, respectively. However, at 4 °C, no modification
of EE was observed. During storage, Miglyol™ 812 incorporation prevented IND-OA-PC leakage from the BW matrix
because of its ability to reduce BW crystallinity.>>>*62

Furthermore, NLC and IND-OA-PC-NLC were sterilized using gamma radiation at 25 KGy of ®°C0.%® There was no
significant influence (p>0.05) of gamma radiation on the physicochemical properties of the NLC and IND-OA-PC-NLC
A
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Figure 4 pH stability of IND-OA-PC (A). Storage stability profile of IND-OA-PC-NLC formulation at 4, 25 and 38 °C during 60 days of storage explained by particle size
(bars), PDI (lines) (B), and zeta potentials (C). Effect of gamma radiation on physiochemical characters of IND-OA-PC-NLC formulation (D). *p < 0.05 significant difference
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(Figure 4D). EE remained the constant at 99.9%. Furthermore, gamma-irradiated NLC and IND-OA-PC-NLC were
assessed as potential antitumor agents.

Release, in vitro Antiproliferative Activity and Bioavailability of IND-OA-PC-NLC

The release profiles of IND-OA-PC and IND-OA-PC-NLC were measured for 24 h. The rapid release kinetics of free
IND-OA-PC is shown in Figure 5. IND-OA-PC diffused up to 91.75 + 4.33% during the first 10 h, whereas IND-OA-PC-
NLC released 40.53 + 2.79% of IND-OA-PC after the same time period.

The obtained IND-OA-PC release from the NLC indicated prolonged drug release kinetics due to the conjugation of
IND with OA and PC. Therefore, a much faster release profile of IND-OA-PC was observed in the initial phase due to its
presence at the surface of the nanoparticles. Later, the release was prolonged, probably due to diffusion of IND-OA-PC
from the inner nanoparticle core.®* This type of release model is commonly observed in lipid nanoparticles.®® Further,
release data were fitted to several biopharmaceutical equations being the best fit the one-phase decay model for both free
and IND-OA-PC-NLC (Table 5).

Antiproliferative Activity of IND-OA-PC-NLC Against Prostate PC-3 and Breast

Cancer MDA-MB-468 Cell Lines

Anticancer potential of empty NLC and IND-OA-PC-NLC was studied after 24 h, 48 h and 72 h of treatment with human
prostate PC-3 and human breast MDA-MB-468 cancer cells (Table 6). These cancer lines were chosen for the study
because the non-encapsulated conjugate showed the highest activity by effectively reducing the proliferation of cancer
cells. IND-OA-PC-NLC possessed 2-3 times higher antiproliferative activity after a longer time (48 h and 72 h) of
incubation than after 24 h. The IND-OA-PC incorporated into NLC exhibited greater activity against prostate cancer cells
PC3 (ICs59 = 15.2 uM) and breast cancer cells MDA-MB-468 (ICso = 10.3 uM) (Table 6) compared to the free hybrid
solution with ICsy 33.5 uM and 67.5 pM, respectively (Table 1).

Determination of Compounds Accumulation in Cells by Flow Cytometry

Cellular uptake of IND-OA-PC-NLC was evaluated using the fluorescent dye NR. Prostate and breast cancer cells were
incubated with the tested formulation at 20 uM for 5, 15, 30 min., 1 h, 2 h and 4 h (Figure 6). NR fluorescence intensity
was measured by flow cytometry (untreated cells were used as unlabeled controls). Flow cytometry confirmed the rapid
cellular uptake during the first 30 min in both cancer cell types. During the study, the fluorescence intensity increased
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Figure 5 Release profile of IND-OA-PC from free IND-OA-PC and IND-OA-PC-NLC after 24 h of incubation, data are adjusted by first-order and hyperbola models,
respectively.
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Table 5 Kinetic Model Fit Analysis of in vitro Release of
Indomethacin from Free IND-OA-PC and IND-OA-PC-NLC. K,
K Khny Ko, Vi and n Represents One Phase Decay, Hyperbola,

Higuchi, Korsmeyer-Peppas Release Rate Constants, Maximum

Release Speed and Release Exponent, Respectively

Kinetic models Values | IND-OA-PC | IND-OA-PC-NLC
One phase decay | R? 0.96 0.94
K¢ 0.33 0.31
Hyperbola R? 0.94 0.89
K 2.59 1.37
Vi 13 44.65
Higuchi R? 0.75 0.78
K, 21.78 7.79
Korsmeyer-Peppas | R? 0.81 0.86
Kip 37.73 20.8
N 0.35 0.27

Abbreviations: IND-OA-PC,

|-indomethacinoyl-2-oleoyl-sn-glycero-3-phospho-

choline; IND-OA-PC-NLC, IND-OA-PC-loaded nanostructured lipid carrier; Ko,
Ks K Kin, Ko, Vi and n represent zero-order, first-order;, hyperbola, Higuchi,
Korsmeyer-Peppas release rate constant, maximum release speed, and release

exponent, respectively.

Table 6 The Half Maximal Inhibitory Concentrations (ICsg) of Empty-NLC
and IND-OA-PC-NLC Against Selected Cancer Cell Lines PC-3 and MDA-

MB-468
Compound Cell lines 1C5o [pM]
PC-3 MDA-MB-468
24 h | 48h 72h 24 h | 48h 72h
Empty-NLC na. 14.9£5.6 | 12.9+1.3 | na. 69.6£27.5 | 11.6£6.7
IND-OA-PC-NLC | na. 14.5£5.0 | 15.2+2.0 | na. 16.1%9.1 10.3+4.0

Notes: Data are presented as mean * standard deviation (SD) calculated using the Prolab-3 system
based on Cheburator 0.4 software.>*
Abbreviations: Empty-NLCs, empty nanostructured lipid carriers; IND-OA-PC-NLC, I-indo-
methacinoyl-2-oleoyl-sn-glycero-3-phosphocholine loaded NLC.

over time, with the highest signals observed after 1h for PC-3 cells and after 4 h for breast cancer cells MDA-MB-468.
A higher accumulation (higher fluorescence intensity) of IND-OA-PC-NLC was observed in the culture of breast cancer
cells than in prostate cancer cells. These results confirmed that lipid nanoparticles effectively penetrated lipid mem-
branes, primarily owing to the presence of liquid lipids in the composition of NLC.%°

Conclusion

In this study, seven novel indomethacin-phospholipid conjugates molecules were synthesized. Cytotoxicity studies
revealed that among the obtained molecules, the most active were lysophosphatidylcholines substituted with indometha-
cin (IND-LPC) and phosphatidylcholines structured with drugs at the sn-2 position (IND-OA-PC and OA-IND-PC).
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Figure 6 Accumulation of IND-OA-PC-NLC-NR in MDA-MB-468 and PC-3 cells. (A) Mean fluorescent intensity after 5, 15, 30 min and I, 2 and 4 h; (B) Flow cytometry
histograms of IND-OA-PC-NLC-NR.

These molecules exhibited higher activity and selectivity towards cancer cells than toward healthy cells. Molecular
analysis predicted that PC with indomethacin attached to sn-1 the position (IND-OA-PC) was the most stable among the
synthesized compounds. From the perspective of the tumor environment, conjugates with drug attached to the sn-1
position are of therapeutic significance. Phospholipase A, (PLA;) is overexpressed in inflammatory and tumor tissues;
therefore, heterosubstituted phospholipids with the drug in the sn-1 position may act as prodrugs, and after selective
hydrolysis, yield a more active anticancer hybrid IND-LPC. Moreover, the encapsulation of IND-OA-PC into NLC is
a suitable strategy with enhanced antitumor properties. This promising approach could also serve as a strategy for
developing an effective drug delivery system for hydrophilic IND-LPC hybrids, which will be a subject of future
research. The results offer a new solution for delivery of NSAID and confirm that their use in the form of nanocarriers

could be a promising alternative for cancer treatment.
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