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Purpose: In our work, we focused on the development of nanostructured lipid carriers (NLCs) loaded with dexibuprofen (DXI) and 
their application for cancer therapy by proposing the binding of phospholipids with this non-steroidal anti-inflammatory drug (NSAID) 
to obtain new delivery systems.
Methods: We successfully synthesized seven conjugates with good yields, four of which are new, and have not been previously 
published in the literature. The structures of the obtained conjugates were confirmed and comparative in vitro studies of their 
antiproliferative activity were conducted, along with molecular modeling to assess their therapeutic potential.
Results: 1-DXI-2-hydroxy-sn-glycero-3-phosphocholine (DXI-LPC), 1-DXI-2-oleoyl-sn-glycero-3-phosphocholine (DXI-OA-PC) 
and 1-oleoyl-2-DXI-sn-glycero-3-phosphocholine (OA-DXI-PC) showed selectivity for cancer cells, influencing the cell cycle and 
inducing apoptosis. Encapsulation of heterosubstituted conjugates with increased lipophilic character in NLC resulted in DXI-PA-PC- 
NLC and DXI-OA-PC-NLC with favorable size (around 150 nm) and polydispersity index of 0.15, high encapsulation efficacy (above 
99%), long-term stability, and modified release profile (51.4% and 48.9% of DXI released from DXI-PA-PC-NLC and DXI-OA-PC- 
NLC, respectively). Antiproliferative assays confirmed enhanced activity of synthesized products and their increased accumulation in 
cancer cells.
Conclusion: This study describes the synthesis of new conjugates of DXI and phospholipids and their nanotechnological formulations 
for potential use in cancer therapy.
Keywords: dexibuprofen, phospholipids, nanostructured lipid carrier, lipid nanoparticles, anticancer properties

Introduction
Since the release of the first nanodrug, Doxil®, by the American Food and Drug Administration (FDA) in 1995, 
nanotechnology has been progressively recognized as an essential instrument for creating innovative, more effective 
approaches and treatments against cancer.1 The global nanomedicine market is currently valued at nearly $210 billions 
and is projected to grow significantly to $490 billions by 2032.2 Currently, over 60 nanotherapeutics are available on the 
market, primarily for oncology, with more than 500 others in clinical trials (33% in Phase I and 21% in Phase II). Lipid 
nanoparticles account for the largest portion (33%) of all developed and available nanosystems.3 The latest nanodrug 
successfully launched in 2018, Onpattro® (Patisiran), is based on lipid nanoparticles and is prescribed for managing 
polyneuropathy in individuals with hereditary transthyretin amyloidosis.4 The current progress in nanotechnology is 
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resulting in the creation of multifunctional nanoparticles that can deliver drugs precisely and efficiently, alongside 
enabling real-time imaging and monitoring of treatment responses, potentially crucial for future cancer therapies.

Lipid nanoparticles have many physical and biological advantages over other drug delivery systems. These particles 
are characterized by enhanced physicochemical stability and reduced toxicity, with the potential capacity to increase the 
efficacy of loaded drugs.5,6 In developing effective cancer treatment technologies, lipid nanoparticles are safe and able to 
easily penetrate solid tumors, which is usually associated with high energy requirements. The small particle size allows 
them to accumulate at tumor sites, primarily through passive transport, by exploiting the increased permeability of blood 
vessels.7 Moreover, they can be customized to exhibit selective action towards targeted tissues and cells, and to show 
modified release of the encapsulated drug.1

Nanoparticles loading lipid-drug conjugates (LDCs), obtained by linking the active biological molecule to a lipid 
compound (fatty acids, glycerides, or phospholipids), demonstrate significant potential. LDCs are gaining increasing 
interest in biomedical and pharmaceutical fields due to their capacity to improve the absorption and penetration of active 
ingredients across physiological membranes, thereby boosting the bioavailability and therapeutic effectiveness of these 
latter. Up to now, six lipid-drug conjugates have been approved by the European Medicines Agency (EMA) and by FDA 
for the treatment of conditions, like diabetes, depression, and schizophrenia.1

Phospholipids (PLs) have received considerable attention among lipid molecules that can be used to produce matrices for 
drug delivery. These molecules, which are components of cell membranes, are biocompatible and can enhance effectiveness of 
treatments for drugs with low bioavailability.8,9 There are two strategies for conjugating drugs to PLs, namely, their binding to 
the phosphate group10, and their attachment to the position sn-1 and/or sn-2 of the glycerol backbone.11–13
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Dexibuprofen (DXI) is a widely used nonsteroidal anti-inflammatory drug (NSAID). It was introduced in Austria in 
1994, and is categorized as a BCS class II drug, due to its low water solubility (0.0684 mg/mL), leading to limited 
bioavailability.14 Its biological half-life ranges from 1 to 2 hours, and a 400 mg dose effectively treats inflammatory 
conditions.15

It has been shown that DXI and other NSAIDs can effectively inhibit tumorigenesis.16–18 However, its application in the 
free form as chemopreventive and chemotherapeutic agent is not feasible owing to several unfavorable side effects linked to 
its anti-inflammatory action.19 Therefore, in recent years, various delivery systems for DXI and other NSAIDs have been 
developed, such as self-emulsifying drug delivery systems,20 chitosan nanoparticles,21 nanocrystals,22 nanoemulsions23, 
solid lipid nanoparticles and nanostructured lipid carriers (NLCs).24 Recently, DXI encapsulated in NLCs showed 
a significant increase in antiproliferative activity with selective action to cancer cells.25 The adverse effects of NSAIDs on 
the gastrointestinal tract have also been reported to be attenuated with the use of phospholipid derivatives. PLs act as 
surfactants, forming a protective hydrophobic barrier on the mucus lining, thereby shielding gastrointestinal tissues.26,27

Based on this knowledge, we hypothesized that DXI conjugates with PLs would exhibit greater anticancer potential, 
selective action limited to cancer cells, improved physicochemical parameters, and favorable Absorption, Distribution, 
Metabolism and Elimination (ADME) properties. Furthermore, encapsulating these conjugates into NLCs allows biological 
effects to be achieved at a reduced drug dose. Consequently, two series of DXI phospholipid conjugates were synthesized, 
and their antitumor properties were assessed against representative types of the most common and aggressive cancers, such 
as leukemia (MV4-11), breast (MDA-MB-468 and MCF-7), lung (A-549), and prostate (PC-3) cancers, as well as in a non- 
tumorigenic human breast epithelial cell line (MCF-10A). The most potent DXI-phospholipid conjugates were chosen to 
study their molecular mechanisms of action and the most active conjugates were then selected for loading into NLC, 
followed by the assessment of the physicochemical properties of the obtained loaded particles and their efficacy and safety in 
selected cancer cell line models.

Materials and Methods
Chemicals and Reagents
Dexibuprofen (DXI), fatty acids (stearic and oleic), triethylamine (TEA), dibutyltin (IV) oxide (DBTO), 4-(N, 
N-dimethylamino)pyridine (DMAP), N,N′-dicyclohexylcarbodiimide (DCC), N,N-dimethylformamide (DMF), oxa-
lyl chloride, celite® 110, Dowex® 50WX8 H+ (ion-exchange resin), refined beeswax (BW), Tween® 80 (poly-
sorbate 80), Nile red (NR), methanol, ethanol and acetonitrile of HPLC grade were purchased from Merck 
(Darmstadt, Germany). Glycero-3-phosphocholine (GPC) was ordered from Bachem AG (Bubendorf, 
Switzerland). Miglyol® 812 was acquired from Roig Farma SA (Terrassa, Spain), while indium (purity 
≥99.95%) was supplied by Fluka (Buchs, Switzerland). Deionized water was prepared using a Millipore® Milli- 
Q® system (Merck KGaA) (Millipore, Darmstadt, Germany). Camptothecin (CPT) was purchased from (Sigma- 
Aldrich, Darmstadt, Germany). All other solvents were of analytical grade.

The formation of the conjugates was monitored using Thin-Layer Chromatography (TLC) on silica gel 60 F254 plates 
(0.2 mm aluminum plates with a fluorescent UV254 indicator(Merck, Darmstadt, Germany). Visualization required first 
staining with a 0.05% primulin solution prepared in a 4:1 (v/v) acetone:water mixture, following analysis under UV light 
at 365 nm. For column chromatography, Kieselgel 60 containing 0.1% Ca (230–400 mesh ASTM; Merck, Darmstadt, 
Germany) was employed, following a previously described protocol.11 Spectroscopic data were recorded on a Bruker 
Advance II 600 MHz spectrometer (Bruker, Billerica, USA) following procedures outlined in a previously published 
work.28

Synthesis of DXI-Phospholipid Conjugates
1-DXI-2-lysophosphatidylcholine (DXI-LPC), 1-DXI-acyl-sn-glycero-3-phosphocholines and 1-acyl-2-DXI-sn-glycero 
-3-phosphocholines were synthesized according to previously reported procedures.29,30 The obtained conjugates were 
purified using column chromatography as described before.12
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Molecular Modeling
The SPARTAN’18 software was used for the quantum calculations (Wavefunction, Inc., Irvine, CA, USA). The octanol- 
water partition coefficient (logP) and the topological polar surface area (TPSA) were determined using the Molinspiration 
software for online property calculations.

Production of DXI-NLC, DXI-PA-PC-NLC and DXI-OA-PC-NLC
NLC loaded with DXI and DXI-phospholipid conjugates (DXI-PA-PC and DXI-OA-PC) were produced using the hot 
high-pressure homogenization method.25 As the lipid matrix, beeswax (BW) and Miglyol® 812 were used. For the 
loading of the particles, free DXI or each of the conjugates (DXI-PA-PC, and DXI-OA-PC) was dissolved in the melted 
lipid phase and preheated at 85 °C in a water bath for 30 min. After this time, an aqueous solution of Tween® 80 was 
added to the lipid phase, and the mixture was then homogenized under high shear using a Ultra-Turrax® T10 basic (IKA, 
Staufen, Germany) at 8000 rpm for 30s. The resulting emulsion was immediately exposed to three homogenization 
cycles (Pressure cell homogenizer-FPG12800, Stansted Fluid Power, Essex, UK) at a pressure of 11,603 psi and 
a temperature of 85 °C. All freshly prepared nanoemulsions were then allowed to settle at room temperature for 12 h 
for the recrystallization of the lipids to obtain NLC before further analysis. Empty NLC were produced in the same 
manner, but without the addition of any drug to the lipids.

Nile Red (NR) was used for labeling by preparing formulations following the procedure described above with the 
addition of 0.04% (w/w) of Nile Red (NR) to the formulation (DXI-NLC-NR, DXI-PA-PC-NLC-NR, and DXI-OA-PC- 
NLC-NR).31

Physicochemical Parameters
Dynamic light scattering (or photon correlation spectroscopy) was used to measure the hydrodynamic mean diameter 
(Zav) and polydispersity index (PDI) of the obtained NLC. Their surface electrical charge was analyzed using laser- 
Doppler electrophoresis (Zetasizer Nano ZS Malvern Instruments). Samples were diluted with Milli-Q water 1:10 to 
avoid multi-scattering.32,33 All measurements were conducted at 25 °C in triplicate.

Encapsulation Efficiency
Encapsulation efficacy (%EE) of DXI-PA-PC and DXI-OA-PC in NLC was quantified indirectly by ultrafiltration- 
centrifugation using 100 kDa ultrafilters (Merck KGaA, Darmstadt, Germany) to measure the free drug and applying 
Equation 1.

The formulations were diluted and filtered through centrifugation at 14000 rpm for 15 min (Mikro 22 Microliter 
Centrifuge, Germany). The supernatant, containing non-encapsulated DXI-PA-PC or DXI-OA-PC, was analyzed using a 
RP-HPLC system (Waters™, Milford, MA, USA) equipped with a Waters™ 2996 photodiode array detector, set to 
a wavelength of 220 nm. The mobile phase consisted of 0.05% orthophosphoric acid, acetonitrile, and methanol in 
a 5:15:80 (v/v) ratio, with a flow rate of 1 mL/min. Separation was carried out using a Kromasil® C18 column (5 µm × 
4.6 mm × 150 mm) (Nouryon, Amsterdam, The Netherlands) at 25 °C, with an injection volume of 20 µL. 
Chromatograms were analyzed using Empower 3® software (Waters™, Milford, MA, USA). All measurements were 
performed in triplicate.

Interaction Studies
Transmission Electron Microscopy
Nanoformulations were subjected to the morphological analysis by Transmission Electron Microscopy (TEM) (JEOL 
1010 transmission electron microscope, JEOL, Massachusetts, USA) after being diluted with Milli-Q water in a 1:5 
ratio, and added with 2% of uranyl acetate to enhance contrast. Copper grids were activated with UV light and the 
samples were then applied to the grid surface.
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Differential Scanning Calorimetry
DSC measurements of DXI, DXI-PA-PC, DXI-OA-PC, BW, empty NLC, and the fabricated DXI-PA-PC-NLC and DXI- 
OA-PC-NLC were taken in Mettler-Toledo, Barcelona, Spain). Calorimetric curves were obtained under nitrogen flow at 
a heating rate of 10 °C/min in the range of 10–100 °C. All the samples were accurately weighed in aluminum pans using 
a Mettler M3 microbalance (Greifensee, Switzerland). An identical empty aluminum pan was used as reference. 
A comparable indium pan was used to calibrate the calorimetric apparatus.

X-Ray Diffraction
The evaluation of crystallinity of DXI, DXI-PA-PC, DXI-OA-PC, BW, empty NLC, and the fabricated DXI-PA-PC-NLC 
and DXI-OA-PC-NLC was done by X-ray diffraction (XRD) (PANalytical’s X-ray diffractometer, Almelo, Netherlands) 
using CuKα radiation (λ = 1.5418 Å, 45 kV, 40 mA) in the range (2θ) of 2°-60°.

Fourier Transform Infrared Spectroscopy
The absorption spectra DXI, DXI-PA-PC, DXI-OA-PC, BW, empty NLC, and the fabricated DXI-PA-PC-NLC and DXI- 
OA-PC-NLC were measured using a Thermo Scientific Nicolet iZ10 spectrophotometer, which featured an ATR diamond 
crystal and a DTGS detector (Barcelona, Spain). The scans covered a spectral range from 521–4000 cm–1.34

Stability Studies
DXI-PA-PC-NLC and DXI-OA-PC-NLC were kept at two distinct temperatures (4 °C and 25 °C) for a period of two 
months. To assess the stability of the formulations, the Zav, PDI, and ZP parameters were monitored over time.

Gamma Radiation
The prepared NLC formulations were sterilized through gamma irradiation (25 kGy of 60Co) provided by Aragogamma 
(Barcelona, Spain). The impact of ionizing radiation on the NLC was evaluated by analyzing changes in the Zav, PDI, ZP, 
and %EE.

In vitro Release Experiments
In vitro release of DXI-PA-PC and DXI-OA-PC from NLC formulations was determined by direct dialysis as explained 
elsewhere.35 The diffusion experiment was performed using a 0.5 mL dialysis cassette (10K MWCO, Slide-A-Lyzer™, 
Thermo Scientific, Waltham, MA, USA) as the donor compartment. The acceptor compartment consisted of water- 
jacketed glass cells containing a release medium composed of ethanol and PBS (pH 7.4) in a 50:50 (v/v) ratio, 
maintained at a constant temperature of 37 °C under magnetic stirring. At specific time intervals, 400 µL of the release 
medium was withdrawn and replaced with an equivalent amount of freshly prepared medium. The collected samples 
were analyzed using RP-HPLC. The release profiles of DXI-PA-PC and DXI-OA-PC were plotted using GraphPad Prism 
8.0 and fitted to standard biopharmaceutical models, as described previously.36

Biological Studies
Cell Lines
All cell lines were cultured at the Hirszfeld Institute of Immunology and Experimental Therapy (IIET PAS) in Wroclaw, 
Poland. The MV4-11 cell line, representing human biphenotypic B myelomonocytic leukemia, and the MCF-10A normal 
breast epithelial cell line were sourced from the ATCC (Manassas, Virginia, USA). Human non-small cell lung cancer 
(A-549), prostate cancer (PC-3), and breast cancer (MCF-7) cell lines were acquired from European Collection of 
Authenticated Cell Cultures (ECACC, Wiltshire, UK), while the MDA-MB-468 breast cancer cell line originated from 
the Leibniz Institute DSMZ (Leibniz, Germany).

MV4-11, PC-3, and MDA-MB-468 cells were cultured in RPMI 1640 medium (IIET PAS, Poland) with 1.0 mM 
sodium pyruvate (only MV4-11) 10% (MV4-11) or 20% (MDA-MB-468) fetal bovine serum (FBS) (all from Sigma- 
Aldrich, Darmstadt, Germany). A549 cells were maintained in RPMI 1640+Opti-MEM (1:1) (IIET PAS, Poland and 
Gibco, UK) supplemented with 5% FBS (Merck, Germany). The MCF-7 cells were grown in Eagle’s medium 
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supplemented with insulin (8 µg/mL) and 1% MEM non-essential amino acids (Merck, Germany). MCF-10A cells were 
cultured in the HAM’s F-12 medium (Corning) enriched with 10% Horse Serum (Gibco), EGFh (20 ng/mL), insulin 
(10 µg/mL), Hydrocortisone (0.5 µg/mL), and Cholera Toxin (0.05 mg/mL) from Vibrio cholerae (all from Merck, 
Germany). Cells were grown at 37 °C with 5% CO2 humidified atmosphere and media were supplemented with 
L-glutamine (2 mM), penicillin (100 Units/mL) (Polfa Tarchomin S.A., Poland), and streptomycin (100 µg/mL) 
(Merck, Germany).

Determination of Antiproliferative Activity
The cytotoxicity of free DXI, its conjugates with phospholipids, and nanoformulations, was tested on five cancer cell 
lines (MV4-11, A549, PC-3, MDA-MB-468, and MCF-7), and on non-tumorigenic MCF-10A cell line used as a control. 
Cells were seeded into 96-well plates at specific densities 24 hours before exposure to the test compounds. DXI and its 
conjugates were tested at 5, 25, 125, and 625 µM, while the nanoformulations were tested at 4, 20, 100, and 500 µM, 
based on the encapsulated DXI-conjugates’ concentration (1.5 mg/mL).

The cytotoxicity was evaluated after 24, 48, and 72 hours using the MTT assay for MV4-11, and the SRB assay for 
the remaining cell lines.12 IC50 values were determined using Prolab-3 and Cheburator 0.4 software,37 with results 
presented as mean ± SD. Each experiment was performed in triplicate, with three to five independent repetitions.

Cell Cycle Analysis
MV4-11 and MDA-MB-468 cells were seeded into 6-well plates (Sarstedt, Nümbrecht, Germany) at densities of 3×105 

cells/well or 1.2×105 cells/well, respectively, to a final volume of 4 mL per well. The cells were exposed for 72 hours to 
the test compounds at concentrations about its 1.5×IC50 (DXI-LPC at 9 μM (MV4-11) or 4.5 μM (MDA-MB-468), 
DXI-OA-PC and OA-DXI-PC at 80 μM (MV4-11) or 150 μM (MDA-MB-468)). After incubation, 1×106 cells were 
collected, washed twice with cold PBS, and fixed in 70% ethanol at −20 °C for 24 hours. After fixation, the cells were 
washed twice with PBS and incubated for 1 hour with RNAse (8 μg/mL; Fermentas GmbH, Leon-Rot, Germany) at 37 
°C, followed by staining with propidium iodide (50 μg/mL; Merck, Darmstadt, Germany) for 30 minutes at 4 °C. The 
DNA content of the cells was analyzed using a BD LSRFortessa cytometer (BD Biosciences, San Jose, CA, USA). Each 
compound was tested in triplicate at each concentration, and the data were processed using Flowing software 2.5.1 (Cell 
Imaging Core, Turku Centre for Biotechnology, University of Turku Åbo Akademi University, Finland).

Apoptosis Determination by Annexin V Staining
MV4-11 and MDA-MB-468 cells were seeded in 24-well plates (Sarstedt, Nümbrecht, Germany) at densities of 1×105 or 
0.4×105 cells/well, respectively, to a final volume of 2 mL of culture medium. Cells were ecposed to the test compounds 
for 72 hours at concentrations of its 1.5×IC50 (DXI-LPC (9 μM (MV4-11) or 4.5 μM (MDA-MB-468), DXI-OA-PC and 
OA-DXI-PC at 80 μM (MV4-11) or 150 μM (MDA-MB-468)). After incubation the cells were collected and 2×105 cells 
were washed twice with PBS and suspended in 100 µL of buffer (Hepes buffer: 10 mM HEPES/NaOH, pH 7.4, 150 mM 
NaCl, 5 mM KCl, 1 mM MgCl2, 1.8 mM CaCl2, (IIET, Wrocław, Poland)with 4 µL of 2 µg/mL APC-Annexin V (BD 
Pharmingen, NJ, USA). Following a 15 minutes incubation in the dark at room temperature, propidium iodide solution 
was added to a final concentration of 4 µg/mL before analysis. Flow cytometry data acquisition was conducted using 
a BD LSRFortessa cytometer (BD Biosciences, NJ, USA). Each compound concentration was independently tested at 
least three times. The results were analyzed using Flowing software 2.5.1 (Turku, Finland). Results are presented in a 
two-color dot plot format with APC-Annexin V (AnV) versus propidium iodide (PI). Cells were categorized as follows: 
double-negative cells were considered live cells, PI-/AnV+ cells represented early apoptotic cells, PI+/AnV+ were 
classified as late apoptotic, and PI+/AnV- were categorized as necrotic cells. Each compound was tested in triplicate, with 
data averaged across three independent experiments.

Caspase-3/7 Activity Determination
MV4-11 and MDA-MB-468 cells were seeded in 48-well plates (Sarstedt, Nümbrecht, Germany) at a density of 0.5×105 

or 0.2×105 cells/well, respectively, to a final volume of 1 mL of culture medium. The cells were exposed to the test 
compounds at concentrations of their 1.5×IC50 DXI-LPC at 9 μM (MV4-11) or 4.5 μM (MDA-MB-468) DXI-OA-PC 
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and OA-DXI-PC at 80 μM (MV4-11) or 150 μM (MDA-MB-468) for 24 or 72 hours. After incubation, cells were 
suspended in 50 µL of ice-cold lysis buffer (50 mM HEPES, 2 mM EDTA, 10% (w/v) sucrose, 10 mM DTT, 150 mM 
NaCl and 1% (v/v) Triton X-100, at pH 7.3 (IIET, Warsaw, Poland) and incubated for 30 min. at 4 °C. After the 
incubation, 40 µL of each sample was transferred to a white 96-well plate (Corning, NY, USA) containing 160 µL of the 
reaction buffer (20 mM HEPES, 1 mM EDTA, 10% sucrose, 10 mM DTT, 100 mM NaCl, 1 mM EDTA, 10 mM DTT, 
and 0.02% Triton X-100, at pH 7.3) (IIET, Wroclaw, Poland) with Ac-DEVD-ACC (final concentration 10 µM) 
fluorogenic substrate (λex = 360 nm, λem = 460 nm). The increase of fluorescence was correlated with the caspase-3/7 
levels and continuously recorded at 37 °C for 90 min using a Biotek Synergy H4 (Biokom, Warsaw, Poland). Compounds 
at each concentration were tested in duplicate in a single experiment, and each experiment was independently repeated at 
least thrice. The results were normalized to the number of cells in each well and are reported as the mean relative ± SD of 
caspase-3/7 activity compared to the untreated control sample.

Determination of Conjugates Accumulation in Cells by Flow Cytometry
Empty NLC formulation, DXI-NLC, and DXI-phospholipid conjugates-loaded NLC (DXI-PA-PC-NLC and DXI-OA-PC 
-NLC) were fluorescently labelled with Nile Red (NR) to assess their cellular uptake and accumulation. Prostate and 
breast cancer cells were treated with DXI-NLC-NR, DXI-PA-PC-NLC-NR, and DXI-OA-PC-NLC-NR at a concentration 
of 20 μM for varying durations (5, 15, 30 minutes, and 1, 2, and 4 hours). After treatment, the cells were washed with 
PBS and analyzed by flow cytometry. The mean fluorescence intensity of cells treated with NR-labeled formulations was 
measured using a BD LSRFortessa cytometer (BD Bioscience, San Jose, CA, USA) and subsequently analyzed with 
Flowing software 2.5.1 (Turku, Finland) Untreated cells were used as the control group.

Statistical Analysis
The Kruskal–Wallis test was used to compare two groups and to determine significant differences between treatments, 
using GraphPad Prism 7 software. A p-value of ≤ 0.05 was considered statistically significant.

Results and Discussion
Synthesis of Dexibuprofen-Phospholipid Conjugates
The chemical synthesis of the developed hybrid molecules aimed to produce two series of heterosubstituted phospha-
tidylcholines, with dexibuprofen positioned at either the sn-1 or sn-2 site of the phosphatidylcholine (PC) glycerol 
backbone (Schemes 1 and 2). The starting material, sn-glycero-3-phosphocholine (GPC), was commercially available. 
The optically pure form of GPC (1) was intentionally selected to create phosphatidylcholines with a natural (R)- 

Scheme 1 Synthesis of 2-lysophosphatidylcholine (5) and phosphatidylcholines (6–8) structured with DXI. Reagents and conditions: a DBTO, 2-propanol, reflux, 1h; b 
oxalyl chloride, DMF, CH2Cl2; c TEA, rt, 1 h; d palmitic acid or stearic acid or oleic acid DMAP, DCC, 72 h.
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configuration at the chiral center, allowing fatty acids at the sn-2 position to undergo PLA2-catalyzed hydrolysis in the 
body.38

Conjugates with DXI at the sn-1 position were synthesized, as shown in Scheme 1. First, stannylene acetal (2) and 
chloride of DXI (4) were obtained according to a known procedure30 and were then converted into 2-lysophosphati-
dylcholine (DXI-LPC) (5), which was finally esterified with palmitic, stearic, or oleic acid, to the corresponding 
phosphatidylcholines (6–8) using the Steglich method.

In the next stage of the chemical synthesis of the DXI-PC conjugates, we followed the pathway depicted in Scheme 2. 
For the acylation of sn-1-palmitoyl/stearoyl or oleoyl lysophosphatidylcholine (15–17) by DXI, we used the same 
method as before, with N,N′-dicyclohexylcarbodiimide (DCC) in the presence of 4-(N,N-dimethylamino)pyridine 
(DMAP) as the catalyst, which resulted in the formation of the conjugates (18–20).

The final compounds (5–8 and 18–20) were purified via column chromatography and achieved suitable yields ranging 
from 52% to 85%, with high purity (exceeding 99%), as determined by HPLC. Among the seven synthesized conjugates, four 
(7, 8, 19, 20) represent novel compounds not previously documented in the literature, while the remaining three (5, 6, and 18) 
have been previously reported.39 Structural confirmation of all obtained conjugates was established through spectroscopic data 
comparison with literature references for known compounds and, for new molecules, via nuclear magnetic resonance (NMR) 
analysis encompassing 1H, 13C, and 31P nuclei, complemented by heteronuclear quantum correlation spectroscopy (HSQC), 
correlation spectroscopy (COSY), and electrospray ionization mass spectrometry (ESI-MS) analyses (Figure S1–S16). 
Spectroscopic data for all obtained products are presented in the Supplementary material.

Evaluation of Antitumoral Properties of Conjugates
To assess the cytotoxic properties of the synthesized conjugates (5–8 and 18–20), the MTT assay was used on MV4-11 
cells, and SRB assay on leukemia (MV4-11), lung (A549), prostate (PC-3), and breast (MDA-MB-468 and MCF-7) cell 
lines to measure cell viability. For these experiments, we chose the cell lines that represent the types of cancer for which 
the WHO report indicates the highest incidence and with the highest mortality rates.40 In addition, we tested compounds 

Scheme 2 Synthesis of phosphatidylcholines (18–20) structured with DXI. Reagents and conditions: a DBTO, 2-propanol, reflux, 1h; b oxalyl chloride, DMF, CH2Cl2; c 
TEA, rt, 1 h; d DXI, DMAP, DCC, 72 h.
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against two type of breast cancer lines: in the MDA-MB-468, which does not express estrogen nor progesterone receptors 
and is E-cadherin negative and expresses mutant p53 (TNBC model), and in the MCF-7 characterized by the presence of 
estrogen, progesterone and glucocorticoid receptors. In the in vitro tests, the free DXI was used as a reference compound. 
To determine the level of selectivity of the conjugates, we also performed tests against the non-cancerous human breast 
epithelial cell line MCF-10A.

Table 1 depicts the obtained IC50 values. DXI-lysophosphatidylcholine (DXI-LPC) (5) and heterosubstituted 
phosphatidylcholines DXI-OA-PC (8) and OA-DXI-PC (20) exhibited significantly higher activity against almost all 
tested cancer cell lines in comparison to free DXI. Among all the tested products, DXI-LPC was the most effective at 
inhibiting the growth of leukemia cells at a dose that was 44-fold lower than that of non-conjugated DXI. DXI-LPC also 
exhibited activity against MDA-MB-468 cells (triple-negative breast cancer cell line) at 3.2 μM, whereas free DXI did 
not express any cytotoxic effect. In the MCF-7 cells (estrogen receptor-positive breast cancer cell line), the efficacy of 
DXI-LPC was 35 times greater than that of free DXI. Similarly, significantly higher activity was noted against prostate 
cancer PC-3 cells, where the IC50 value was 23 times lower compared of the non-conjugated DXI.

The results reveal that leukemia, lung and breast cancer cells were also sensitive to heterosubstituted phosphatidyl-
cholines bearing an oleic acid moiety, thereby confirming the crucial role of unsaturated double bonds in the structure of 
the fatty acid acyl moieties to show cytotoxic effects. Prostate cancer cells (PC-3) were the most resistant among all the 
tested lines. DXI-oleoyl-sn-glycero-3-phosphocholine (DXI-OA-PC) (8) and oleoyl-DXI-sn-glycero-3-phosphocholine 
(OA-DXI-PC) (20) exhibited strong antiproliferative activity towards leukemia, lung and breast cancer cells with IC50 in 
the range 54.7–112.2 μM, which were 2 to 6-fold lower in comparison to non-conjugated DXI IC50. In contrast to free 
DXI, these compounds inhibited the growth of TNBC cells (MDA-MB-468) with IC50 values of approximately 
101–107 μM.

In the evaluation of the anticancer potential of new compounds, it is important not only to confirm their capacity to 
eradicate cancer cells, but also to demonstrate their selectivity, which should be limited to cancer cells leading to their 
disruption. To assess the selectivity, a non-tumorigenic MCF-10A human mammary epithelial cell line was used as 
a control. The in vitro results obtained with the tested compounds on MCF-10A cells were used to calculate the 
selectivity index (SI). The SI values were determined by dividing the IC50 value obtained for the normal MCF-10A 

Table 1 The IC50 Doses of Dexibuprofen and Its Synthesized Phospholipid Derivatives Towards 
Cancer Cell Lines (MV4-11, A-549, PC-3, MDA-MB-468 and MCF-7) and Non-Tumorigenic Human 
Breast Epithelial Cell Line (MCF-10A), After 72 hours of Exposure

Compound Cell Lines IC50 [μM]

MV4-11 A-549 PC-3 MDA-MB-468 MCF-7 MCF-10A

DXI 276.7 ± 101.0 349 ± 23.3 552.8 ± 50.1 n.a. 398.7 ± 13.9 435.2 ± 36

DXI-LPC 6.3 ± 0.9 42.7 ± 7.1 24.1 ± 4.6 3.2 ± 0.9 11.4 ± 0.5 9.7 ± 3.0

DXI-PA-PC 239.8 ± 71.7 139.7 ± 43.4 266.3 ± 27.7 283.7 ± 7.1 234.4 ± 32.1 340.2 ± 73.2

DXI-SA-PC 301.9 ± 11.7 n.a. 393.3 ± 72.3 316 ± 12.8 389.1 ± 23.8 n.a.

DXI-OA-PC 56.3 ± 0.6 57.3 ± 5.9 241.3 ± 22.9 106.9 ± 16.0 112.2 ± 16.2 228.5 ± 33.3

PA-DXI-PC 230.5 ± 56.1 267.5 ± 8.96 275.4 ± 9.7 284.6 ± 2.9 259 ± 15.0 352.3 ± 3.3

SA-DXI-PC 513.4 ± 102.1 n.a. n.a n.a. 530 ± 35.7 n.a.

OA-DXI-PC 54.7 ± 2.4 60.7 ± 2.8 225.2 ± 40.2 100.6 ± 12.3 111.5 ± 25.0 237.9 ± 12.9

Notes: Data are presented as the mean ± standard deviation (SD) calculated using the Prolab-3 system based on the Cheburator 0.4 
software.37 n.a.: not active in the concentration range (5–625 μM). 
Abbreviations: DXI, dexibuprofen; DXI-LPC, dexibuprofenoyl-hydroxy-sn-glycero-3-phosphocholine; DXI-PA-PC, dexibuprofe-
noyl-palmitoyl-sn-glycero-3-phosphocholine; DXI-SA-PC, dexibuprofenoyl-stearoyl-sn-glycero-3-phosphocholine; DXI-OA-PC, dexi-
buprofenoyl-oleoyl-sn-glycero-3-phosphocholine; PA-DXI-PC, palmitoyl-dexibuprofenoyl-sn-glycero-3-phosphocholine; SA-DXI-PC, 
stearoyl-dexibuprofenoyl-sn-glycero-3-phosphocholine; OA-DXI-PC, oleoyl-dexibuprofenoyl-sn-glycero-3-phosphocholine; n.a., not 
active in the range concentration (5–625 μM).
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cell line by the IC50 value obtained for the specific tumor cell line under study (Table 2). For most phospholipid 
derivatives of DXI, the reported SI values were higher than those of the free DXI, which demonstrates the selectivity of 
the conjugates towards cancer cells. Only DXI-LPC showed no selectivity against A549, PC-3, and MCF-7 cells (SI < 
1.0), whereas two derivatives bearing an oleic acid moiety (DXI-OA-PC and OA-DXI-PC) were the most active with 
similar high selectivity (except for PC-3 cells).

Effect of DXI-LPC, DXI-OA-PC and OA-DXI-PC on the Cell Cycle of MV4-11 and 
MDA-MB-468
The inhibitory effects of DXI-LPC, DXI-OA-PC, and OA-DXI-PC on cell cycle progression were evaluated in leukemia 
(MV4-11) and breast cancer (MDA-MB-468) cells. Following a 72-hours treatment, cell cycle analysis was performed 
using flow cytometry with nucleic acids stained with propidium iodide. The compound concentrations corresponded to 
1.5 × IC50, as determined in previous cytotoxicity studies. The results were assessed by comparing the percentage of 
cells arrested at various stages of the cell cycle and those undergoing cell death (Figure 1A and B).

Cell cycle inhibition at the G0/G1 phase was identified by the presence of non-dividing cells or those that had 
completed mitosis, characterized by a single 2N genetic material content and a reduction in cells in the S phase (which 
includes those synthesizing genetic material, 4N). In MV4-11 cells (Figure 1A), DXI-LPC at cytotoxic doses induced cell 
death, while the heterosubstituted compounds, DXI-OA-PC and OA-DXI-PC, showed minimal cell cycle inhibitory 
activity. At 1×IC50, these compounds had no notable effect on the MV4-11 cell cycle. In MDA-MB-468 cells, all tested 
compounds reduced the number of cells in the G2/M phase. DXI-LPC arrested the cell cycle in the S phase, leading to 
cell death. DXI-OA-PC also resulted in cell death, while OA-DXI-PC caused cell cycle arrest in the G0/G1 phase, 
ultimately leading to cell death.

Table 2 Selectivity Index (SI) of the Test Compounds, Obtained 
After 72h of Cell Exposure

Compound Cell Lines/Calculated Selectivity Index (SI)

MV4-11 A549 PC-3 MDA-MB-468 MCF-7

DXI 1.57 1.25 0.79 - 1.12

DXI-LPC 1.54 0.23 0.40 3.03 0.85

DXI-PA-PC 1.42 2.43 1.28 1.2 1.45

DXI-SA-PC - - - - -

DXI-OA-PC 4.06 3.99 0.95 2.14 2.04

PA-DXI-PC 1.53 1.32 1.28 1.24 1.36

SA-DXI-PC - - - - -

OA-DXI-PC 4.35 3.92 1.06 2.36 2.13

Notes: SI = IC50 for normal cell line (MCF-10A)/ IC50 for respective tumor cell lines. 
An SI > 1.0 indicates a drug with greater efficacy against tumor cells than toxicity against 
normal cells. 
Abbreviations: DXI, dexibuprofen; DXI-LPC,dexibuprofenoyl-hydroxy-sn-glycero 
-3-phosphocholine; DXI-PA-PC, dexibuprofenoyl-palmitoyl-sn-glycero-3-phosphocho-
line; DXI-SA-PC, dexibuprofenoyl-stearoyl-sn-glycero-3-phosphocholine; DXI-OA-PC, 
dexibuprofenoyl-oleoyl-sn-glycero-3-phosphocholine; PA-DXI-PC, 
palmitoyl-dexibuprofenoyl-sn-glycero-3-phosphocholine; SA-DXI-PC, 
stearoyl-dexibuprofenoyl-sn-glycero-3-phosphocholine; OA-DXI-PC, 
oleoyl-dexibuprofenoyl-sn-glycero-3-phosphocholine.
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Figure 1 Cell cycle analysis (A and B) after 72 hours 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- and 72-hours treatment. Treatment concentrations were DXI-LPC 9 μM (MV4-11) or 4.5 μM (MDA-MB-468), DXI-OA-PC and OA-DXI-PC 80 μM (MV4-11) 
or 150 μM (MDA-MB-468). *p < 0.05 in comparison to control cells, Kruskal–Wallis test, GraphPad Prism 7. AnV - Annexin V, PI - propidium iodide.
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Effect of DXI-LPC, DXI-OA-PC and OA-DXI-PC on theCell Apoptosis of MV4-11 and 
MDA-MB-468
To identify the mode of cell death, a double staining method using annexin V antibody and propidium iodide was 
employed. The proportions of viable, early apoptotic, late apoptotic, and necrotic cells in MV4-11 and MDA-MB-468 
cell lines are depicted in Figure 1C and D. In MV4-11 cells, treatment with DXI-LPC at 1.5 × IC50 led to a significant 
increase in apoptotic cells (AnV+/PI+), indicating apoptosis as the predominant form of cell death. Conversely, 
heterosubstituted phosphatidylcholines showed no apoptotic activity in MV4-11 cells, but induced necrosis (AnV-/PI+) 
in MDA-MB-468 cells.

Caspase-3/7 Activity Determination in MV4-11 and MDA-MB-468
The mechanism of action associated with apoptosis is the caspase cascade and activation of the apoptotic protein, 
caspase-3/7. The induction of caspase-3/7 activity was estimated using Ac-DEVD-ACC as the substrate after 24- and 72- 
hours incubation of leukemia (MV4-11) and breast cancer (MDA-MB-468) cell lines (Figure 1E and F). DXI-LPC 
significantly induced caspase-3/7 activity in both cell lines after 24 and 72 h of incubation, and the induction of caspase- 
3/7 was significantly lower. Its activity was higher than that of the positive control camptothecin (0.025 µg/mL) in MV4- 
11 cells, and this caspase-3/7 activity may be associated with the observed apoptosis and cell death induced by DXI-LPC 
(Figure 1). Heterosubstituted phosphatidylcholines did not induce caspase-3/7 activity after 24 or 72 h and had no impact 
on apoptosis.

Molecular Calculations
Quantum mechanical calculations were performed using the SPARTAN’18 application. In the first step for each 
investigated molecule, the conformer at the lowest energy was determined using the molecular mechanics/molecular 
force field (MM/MMFF) method. Full optimization of this conformer was performed using the Density Functional 
Method (DFT/B3LYP/6-31G* method). ΔE represents the “energy gap”, which is the difference between EHOMO (the 
energies of the highest occupied molecular orbital (EHOMO) and ELUMO (the energy of the lowest unoccupied molecular 
orbital (ELUMO). The values of the absolute electronegativity (χ), chemical potential (μ), absolute hardness (η) and of 
the electrophilicity index (ω) were obtained using the following equations 2–4:41–43

Table 3 Parameters Describing the Electronic Properties of Studied Molecules Calculated Using SPARTAN’18 Software

EHOMO  

(eV)
ELUMO  

(eV)
ΔE 
(eV)

χ η ω Dipole  
moment (Db)

PSA (Å2) Polarizability

DXI-LPC −6.36 −0.05 6.31 3,21 3,16 1,63 16.42 80.040 77.31

DXI-PA-PC −6.42 −0.24 6.18 3,33 3,09 1,79 19.95 89.933 101.73

DXI-SA-PC −6.41 −0.23 6.18 3,32 3,09 1,78 18.87 89.037 104.72

DXI-OA-PC −6.37 −0.14 6.23 3,26 3,12 1,7 16.97 88.301 104.34

PA-DXI-PC −6.38 −0.35 6.03 3,37 3,02 1,88 18.07 88.446 101.75

SA-DXI-PC −6.40 −0.32 6.08 3,36 3,04 1,86 18.79 88.891 104.75

OA-DXI-PC −6.37 −0.45 5.92 3.41 2.96 1.96 19.59 88.236 104.48

Abbreviations: DXI, dexibuprofen; DXI-LPC,dexibuprofenoyl-hydroxy-sn-glycero-3-phosphocholine; DXI-PA-PC, dexibuprofenoyl-palmitoyl-sn-glycero-3-phospho-
choline; DXI-SA-PC, dexibuprofenoyl-stearoyl-sn-glycero-3-phosphocholine; DXI-OA-PC, dexibuprofenoyl-oleoyl-sn-glycero-3-phosphocholine; PA-DXI-PC, 
palmitoyl-dexibuprofenoyl-sn-glycero-3-phosphocholine; SA-DXI-PC, stearoyl-dexibuprofenoyl-sn-glycero-3-phosphocholine; OA-DXI-PC, oleoyl-dexibuprofenoyl- 
sn-glycero-3-phosphocholine; EHOMO and ELUMO, HOMO and LUMO energy; ΔE, Energy gap; χ, absolute electronegativity; ɳ, absolute hardness; ω, electrophilicity 
index; PSA, polar surface area.
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The descriptors characterizing the electronic properties of the studied molecules are listed in Table 3. The results of our 
calculations show that the conjugation of DXI with fatty acids increased the polar surface area of the molecules. 
However, the polar surface area (PSA) values obtained were less than 140 Å2. predicting the absorption of conjugates 
through biological barriers, and the possibility of their use for oral administration.44

All the studied compounds containing fatty acids (palmitic, stearic, or oleic) in the structure had lower ΔE and η 
values than DXI-LPC. The highest ΔE and η values for DXI-LPC indicate that this compound was the most stable among 
the studied derivatives, which may be related to its lower reactivity. The higher reactivity of the conjugates with fatty 
acids was also indicated by the higher values of χ, ω, dipole moment, and polarizability calculated for these molecules. χ 
refers to an atom’s tendency to attract electrons, whereas ω expresses the tendency of electron acceptors to take up 
additional electronic charge from the surroundings. We confirmed that the presence of fatty acids in the structures of the 
compounds strengthened the electrophiles. In parallel, the higher polarizability indicates an increased tendency of the 
compounds to generate induced electric dipole moments during exposure to the electric field.

The calculations show that the position of DXI in the structure of the conjugate influences its stability. Derivatives 
substituted with DXI at sn-2 position of phosphatidylcholine had lower ΔE and η values than derivatives containing DXI 
at sn-1 position. Moreover, the values of χ, ω, dipole moment, and polarizability suggest that the molecules containing 
the drug at sn-2 are more potent electrophiles than sn-1 substituted derivatives and may show higher reactivity. In 
addition, considering the parameters obtained for conjugates substituted with DXI at sn-2 position, we anticipate that 
compounds containing oleic acid may be the most promising in biological systems.

Preparation of DXI-phospholipid conjugates loaded Nanostructured Lipid Carriers
We hypothesize that the loading of DXI-phospholipid conjugates, with previously proven antiproliferative activity, into 
NLCs may increase the efficacy of the former in eradicating cancer cells by improving cellular uptake.

Heterosubstituted phosphatidylcholines were selected for encapsulation into NLCs owing to their lipophilic nature, 
which is essential to reach high EE%. Among the two types of synthesized heterosubstituted hybrid molecules, we 
selected those in which the drug was linked to the glycerol backbone of the phosphatidylcholine at the sn-1 position, 
whereas at the sn-2 position, an acyl fragment from a long-chain fatty acid was present. Under tumor cell conditions 
characterized by a high concentration of phospholipase A2, this acyl fragment may be hydrolyzed to produce DXI-LPC, 
which exhibits even higher activity towards cancer cells than the heterosubstituted phosphatidylcholines. Despite the 
notably lower activity of the conjugates of palmitic acid compared to the derivatives of oleic acid, we decided to 
encapsulate both to investigate the impact of their loading into NLCs on enhancing the activity of biologically active 
compounds. Therefore, a previously optimized NLC formulation was used25 to produce empty NLCs and NLCs loaded 
with either DXI-PA-PC or DXI-OA-PC (Table S1).

The empty NLCs exhibited a particle size of 156.3 nm with a PDI below 0.2. The DXI-PA-PC-NLC and DXI-OA-PC 
-NLC showed smaller particle sizes of 143.5 nm and 151.6 nm, respectively, with monomodal distributions and PDI 
values of 0.15. Both DXI-PA-PC-NLC and DXI-OA-PC-NLC showed negative ZP values of –16.1 mV and –13.5 mV, 
respectively. These ZP values were less negative than those of the empty NLC, likely due to the positively charged 
choline head group, which reduces the overall anionic charge (Table S1).

According to the literature, small particles with a diameter range of 50–300 nm have higher ability to be taken up by 
the cells.45 Besides, interaction with cell membranes, internalization processes, opsonization, and stability within 
biological fluids are significantly influenced by the surface electrical charge of the particles.46 Although it has been 
proven that positively charged nanoparticles can internalize tumor cells more effectively47 (which possess a negative 
surface charge),48 anionic nanoparticles are safer and showed reduced hepatic nonspecific uptake.49–51
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Encapsulation Efficacy
The encapsulation efficiency (%EE) of both DXI-phospholipid conjugates was higher than 99% (Table S1). After 
incorporation into the sn-1 position of glycero-3-phosphocholine (GPC), DXI-LPC exhibited hydrophilic character, 
which was confirmed by the molecular calculations (negative logP value of DXI-LPC) (Table S2), whereas the 
lipophilicity of heterosubstituted phosphatidylcholines increased (Table S2) which influenced the encapsulation these 
conjugates into NLC.

Physicochemical Characterization of DXI-PA-PC-NLC and DXI-OA-PC-NLC
TEM analysis shows that the fabricated NLCs had a predominantly spherical shape and regular morphology, with no 
particle aggregation (Figure 2), regardless of the incorporation of DXI-phospholipid conjugates. It is well-known that 
nanosized dispersions of different shapes exhibit distinct immune responses.52 Spherically shaped submicron-sized 
particles can bypass immune response-mediated clearance and can show a relatively higher half-life to passively target 
tumor cells over a longer time.52–54 Fabricated nanoparticles with encapsulated NSAID (DXI-PA-PC-NLC and DXI-OA- 
PC-NLC) did not show particle fusion or aggregation, which may be due to their highly negative surface charge.52,55

Differential scanning calorimetry (DSC) was performed to evaluate the crystallinity and melting point of free drug 
(DXI), its phospholipid conjugates (DXI-PA-PC, DXI-OA-PC), bulk solid lipid (BW), empty NLC, and fabricated NLC 
formulations (DXI-PA-PC-NLC and DXI-OA-PC-NLC). The thermograms (Figure 2C) show the melting point of DXI at 
53.6 °C, as reported in a previous work.25 Due to their amorphous physical state, DXI-PA-PC and DXI-OA-PC did not 
show any melting phenomena.56 The onset glass transition temperature (Tg) of BW was at 61.39 °C, whereas for empty 
NLC it was at 61.31 °C. Loading of DXI-PA-PC and DXI-OA-PC into NLCs resulted in further reduction of Tg and 
melting enthalpy down to Tg = 54.5 °C and ∆H = 57.5 J/g, and to Tg = 57.2 °C and ∆H = 57.5 J/g and ∆H = 56.9 J/g, 
respectively.

The X-ray diffraction (XRD) profile was performed to confirm the crystallinity of the conjugates in NLCs.57 The 
obtained diffractograms are presented in Figure 2D. DXI exhibits several Bragg peaks that confirm its crystallinity.58 The 
phospholipid conjugates presented an amorphous profile. The XRD pattern of BW shows two distinct Bragg peaks, one 
at 21.4° and other at 23.8°, corresponding to the diffraction of n-nonacosane (C29H60) and n-tricosane-n-pentacosane 
(C25H52), which are abundant in natural waxes.59

The diffractograms of DXI-PA-PC-NLC and DXI-OA-PC- 
NLC show the crystalline peaks of the beewax and do corroborate the results obtained by DSC60, where no melting 
peak of DXI in the DXI-conjugates-loaded NLC was found. The lack of diffraction peaks does not necessarily mean 
that DXI-conjugates are not present in the sample; in the characterization of nanoparticle surfaces by XRD, it is 
commonly reported that drugs can be near the surface yet without signals in diffractograms.

ATR-FTIR analysis was conducted to assess the chemical interactions61 and changes between the drug, surfactant, 
and lipid matrix components (Figure 2E). In the FTIR spectrum of DXI, vibrational bands at 2869–2952 cm–1 were 
identified as symmetric and asymmetric CH2 stretching vibrations, while the characteristic band at 1701 cm–1 corre-
sponded to carboxyl C=O stretching. Additional weak intensity bands appeared in the fingerprint region, associated with 
C-C stretching (1508, 1466, and 1417 cm–1), C-O stretching (1282 cm–1), and O-H bending (778 cm⁻¹). In the spectra of 
DXI-phospholipid conjugates, characteristic bands for C=O at 1729 cm⁻¹ and carbonyl ester stretching at 1649 cm⁻¹ 
were observed. In the fingerprint region, P=O stretching and P-O-C stretching bands of the phosphate group were evident 
at 1235 and 1070 cm⁻¹, respectively. These findings confirm the presence of DXI, oleic acid or palmitic acid at both 
positions of phosphatidylcholine (PC), supported by the absence of O-H bonds and the appearance of C=O and carbonyl 
ester bond vibrations. No new covalent bonds were detected in the DXI-phospholipid conjugates-loaded NLCs.

Storage Stability
The stability of DXI-PA-PC-NLC and DXI-OA-PC-NLC was assessed on day 1, and after 30 and 60 days of storage at 
two temperatures, 4 and 25 °C. For this purpose, the mean particle size, PDI, and ZP were measured, and the obtained 
results are summarized in Figure 3. As shown, the DXI-PA-PC-NLCs and DXI-OA-PC-NLCs maintained their 
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Figure 2 Morphological characterization using transmission electron microscopy of (A) DXI-PA-PC-NLC and (B) DXI-OA-PC-NLC, and characterization of nanocarriers 
using differential scanning calorimetry (C), X-ray diffraction (D) and Fourier transform infrared spectroscopy (E) of dexibuprofen (DXI), synthesized phospholipid-DXI 
conjugates (DXI-PA-PC and DXI-OA-PC), beeswax (BW), empty nanostructured lipid carriers (NLC) and conjugates-loaded NLC (DXI-PA-PC-NLC and DXI-OA-PC-NLC).
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physicochemical properties when stored at both temperatures. The PDI values (Figure 3A) of all formulations were 
below 0.2 and showed no differences over the storage time at the two different temperatures. Similarly, ZP values 
(Figure 3B) of DXI-PA-PC-NLC and DXI-OA-PC-NLC (–16.2 ± 0.7 and –13.3 ± 0.8) did not show differences over 
storage time. Therefore, during the initial 60 days after preparation, both formulations showed suitable stability at 4 °C 
and 25 °C.62 However it is known that, due to polymorphic transformations in their matrices, lipid nanoparticles can 
expel the loaded drug during storage62. However, during our experiments, we did not observe any physical changes, such 
as sedimentation or creaming, that could result from DXI expulsion from NLCs.

Effect of Gamma Radiation
The biopharmaceutical applications of nanoparticles require proper selection of a sterilization method. It is known from 
the literature that high-temperature sterilization methods may compromise the physicochemical properties of nanopar-
ticles, whereas gamma irradiation constitutes an acceptable sterilization technique for pharmaceutical products.55 DXI- 
PA-PC-NLC and DXI-OA-PC-NLC were exposed to 25 kGy of 60Co source. The mean particle size, PDI, ZP, and %EE 
were evaluated before and after sterilization. Based on the results presented in Figure 3C and D, we confirmed that the 
particle size and ZP had no statistical deviation from their initial values, and the polydispersity remained below 0.2. 
Based on these results, gamma radiation was selected for sterilization of the final formulations prior to cell testing.

In vitro Release
The in vitro release of free DXI-conjugates and DXI-conjugates-loaded NLC was measured at 37 °C for 24 h. DXI in the 
form of phospholipid derivatives reached equilibrium after 10 h. For conjugates encapsulated in NLC, a slower release 
was obtained (51.4% and 48.9% for DXI-PA-PC-NLC and DXI-OA-PC-NLC, respectively). Moreover, DXI-PA-PC- 
NLC and DXI-OA-PC-NLC showed an initial burst release attributed to the presence of conjugates near the NLC 
surface, which initiates a fast release followed by a prolonged release of DXI-conjugates placed in the inner matrix of 

Figure 3 Stability of DXI-PA-PC-NLC and DXI-OA-PC-NLC during storage at two distinct temperatures (4 and 25 °C). (A) (bars), mean particle size; (A) (lines), 
polydispersity index (PDI); (B) zeta potential (ZP); Effect of gamma radiation on DXI-conjugates-loaded NLC on the particle size (C, bars), on the PDI (C, lines), on the ZP 
(D, bars) and on the encapsulation efficiency (EE%) (D, lines). Results are presented as mean ± SD, n = 3.
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NLC.54 In a previous study, DXI-NLC released ca. 73% of the loaded drug within the first 10 hours.25 Conjugation of 
DXI with PC containing long-chain fatty acids (palmitic and oleic acids) led to the creation of drug derivatives with 
higher lipophilic properties, thus affecting the release profiles. The obtained release profiles were adjusted to kinetic 
models36 and the outputs are listed in Table S3. The best adjustment for free DXI-conjugates was the first-order release, 
and that for DXI-conjugates-loaded NLC was the hyperbolic model. The profiles of free DXI-conjugates and DXI- 
conjugates-loaded NLC are shown in Figure 4A and B.

In vitro Anticancer Activity of Fabricated Formulations
The anticancer potential of DXI-PA-PC-NLC and DXI-OA-PC-NLC was assessed using an SRB assay on prostate (PC- 
3) and breast (MDA-MB-468) cancer cell lines (Table 4). NLCs loaded with DXI-PA-PC and DXI-OA-PC demonstrated 
significantly greater anticancer activity compared to the free drug and its conjugates (DXI-PA-PC and DXI-OA-PC). In 
PC-3 cells, after 72 hours of incubation, the IC50 value for free DXI was 552.8 µM (Table 1), while its conjugates DXI- 
PA-PC and DXI-OA-PC showed IC50 values of 266.3 µM and 241.3 µM, respectively. Encapsulation of these conjugates 
in NLCs enhanced their antiproliferative activity by 20- and 18-fold, reducing the IC50 to 12.7 µM for DXI-PA-PC-NLC 
and 12.9 µM for DXI-OA-PC-NLC (Table 4). In MDA-MB-468 cells, DXI-PA-PC exhibited an IC50 of 283.7 µM, and 
DXI-OA-PC demonstrated a stronger effect with an IC50 of 106.9 µM (Table 1). Encapsulation in NLCs further 
improved efficacy, with IC50 values dropping to 10.8 µM (DXI-PA-PC-NLC) and 10.3 µM (DXI-OA-PC-NLC) 
(Table 4). These results indicate that loading DXI conjugates into NLCs significantly enhances their antiproliferative 

Figure 4 In vitro release profiles of (A) DXI-PA-PC and DXI-PA-PC-NLC, and of (B) DXI-OA-PC and DXI-OA-PC-NLC, pH 7.4 (mean ± SD, n = 3).

Table 4 Inhibitory Concentration of DXI-Conjugates Encapsulated Into NLC 
Towards Selected Cancer Cell Lines

Formulation IC50 (µM)

PC-3 MDA-MB-468

24h 48h 72h 24h 48h 72h

NLC n.a 14.9 ± 5.6 12.9 ± 1.3 n.a 69.6 ± 27.5 11.6 ± 6.7

DXI-PA-PC-NLC n.a 17.2 ± 6.5 12.7 ± 2.0 n.a 18.8 ± 9.5 10.8 ± 4.2

DXI-OA-PC-NLC n.a 18.3 ± 6.8 12.9 ± 1.2 n.a 24.8 ± 3.4 10.3 ± 2.5

Notes: Data are presented as mean ± standard deviation (SD). n.a. – not active. 
Abbreviations: NLC, empty nanostructured lipid carriers; DXI-PA-PC-NLC, 
dexibuprofenoyl-palmitoyl-sn-glycero-3-phosphocholine loaded NLC; DXI-OA-PC-NLC, dexibuprofe-
noyl-oleoyl-sn-glycero-3-phosphocholine loaded NLC.
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effects and therapeutic potential. This improved efficacy may arise from the ability of NLCs to be internalized by cancer 
cells, a hypothesis supported by subsequent internalization studies.

Accumulation of DXI-NLC, DXI-PA-PC-NLC and DXI-OA-PC-NLC in Tumoral Cells
Nile Red (NR), a fluorescent dye, was utilized to monitor the cellular uptake of DXI-loaded NLC and DXI-conjugates- 
loaded NLCs. This dye enables the visualization of its binding to neutral lipids and phospholipids, providing insight into 
the uptake process. Selected cancer cell lines, prostate PC-3 and breast MDA-MB-468, were incubated with the 
nanoparticles (at a concentration of 20 µM) labelled with NR and analyzed by flow cytometry at predetermined time 
intervals of 5, 15, and 30 min and 1, 2, and 4 h. To validate our hypothesis, we compared the degree of accumulation of 
hybrid molecules encapsulated in NLCs with that of a free drug formulation encapsulated in NLCs prepared based on 
a previously developed method.

Fast internalization of NLCs containing DXI-phospholipid derivatives was confirmed and, in the case of cancer cells, 
this uptake increased over time, as indicated by the increased fluorescence intensity (Figure 5A and B). After 1 h of 
incubation with prostate cancer cells, the fluorescence intensity reached its maximum, and no difference was observed 
after 4 h. The opposite situation was observed in breast cancer cells, where the highest accumulation was observed after 
4 h of incubation. DXI-NLC showed lower accumulation (3-to 4-fold) than DXI-conjugates-loaded NLC, and in PC-3 

Figure 5 Accumulation of encapsulated non-conjugated dexibuprofen loaded in NLC (DXI-NLC) and phospholipid-conjugate derivatives of DXI loaded in NLC, in PC-3 and MDA- 
MB-468 cells. (A) Mean fluorescent intensity after 5, 15, 30 minutes, after 1, 2 and 4 hours; (B) Flow cytometry histograms of DXI-NLC-NR, DXI-PA-PC-NLC-NR and DXI-OA-PC 
-NLC-NR.
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cells, their accumulation decreased after 4 h. This result is in agreement with the lower antiproliferative activity reported 
for DXI-NLC in comparison with the activity reported for DXI-conjugates NLC.

Conclusion
In this research, novel dexibuprofen-phospholipid conjugates were synthesized. Among the seven successfully obtained 
products, four were brand new and have not been reported in the literature. In vitro antiproliferative experiments 
demonstrated that these multifunctional conjugates were more effective as anticancer agents than the free drug. 
Among the tested compounds, DXI-LPC demonstrated the highest antiproliferative activity against leukemia (MV4- 
11) and breast cancer (MDA-MB-468) cells, with active concentrations of 6.3 μM and 3.2 μM, respectively. In contrast, 
free DXI showed activity against leukemia cells at 276.7 μM but failed to inhibit breast cancer cell growth even at the 
maximum concentration tested (625 μM). Heterosubstituted phosphatidylcholines containing DXI and oleic acid exhib-
ited broad activity against all tested cell lines while maintaining selectivity by being less toxic to normal cells. Based on 
the antiproliferative results and molecular modeling, DXI-LPC, DXI-PA-PC, and DXI-OA-PC were selected for further 
investigation to explore their mechanisms of action (including effects on the cell cycle, apoptosis, and caspase-3/7 
activation) and for encapsulation into NLCs.

The NLCs obtained encapsulating DXI-conjugates, namely DXI-PA-PC-NLC and DXI-OA-PC-NLC, exhibited 
favorable physicochemical properties and significantly enhanced delivery to cells. After encapsulation into NLCs, DXI- 
PA-PC and DXI-OA-PC effectively inhibited the growth of prostate cancer cells (at 12.7 µM and 12.9 µM) and breast 
cancer cells (at 10.8 µM and 10.3 µM) following 72 hours of incubation. Based on the obtained results, we confirmed 
that the encapsulation of DXI-conjugates successfully enhanced the delivery, accumulation, and safety of the drug.
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