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ABSTRACT
Lipid-based nanoparticles (LNPs) are favored for drug delivery because of their low toxicity, high biocompatibility, ability to 
self-assemble into nanoparticles, and ability to enhance drug bioavailability, thereby improving drug release modulation and 
pharmacokinetics. In this study, the regional palm fruit extract and thyme oil were used as an oil source for the synthesis of 
LNPs with/without drugs. The Design Expert statistical software program, Central Composite Design (CCD) method was used 
to optimize the effect of drug:lipid ratio (1:3–1:7), drug type (ibuprofen or aspirin) and incubation time (5–15 min) on encap-
sulation efficiency (EE%), and antibacterial activity. The maximum EE% of 94% was achieved using ibuprofen at a drug:lipid 
ratio of 1:7 with a 5-min incubation time. Physicochemical characterization showed the inclusion of both aspirin and ibuprofen 
imparted a strong negative charge (up to −15 mV) and yielded average sizes ranging from 180 to 560 nm. Furthermore, ibupro-
fen- and aspirin-loaded LNPs exhibited promising cytotoxic effects on the hepatocarcinoma cell line (Huh7), showing 50% and 
70% viability at a concentration of 50 μM, respectively. Ultimately, the demonstrated efficacy of palmitic acid–incorporated LNP 
formulations suggests a significant potential for these optimized carriers to improve the therapeutic efficacy of antitumor drugs 
in clinical applications.

1   |   Introduction

Lipid-based nanoparticles (LNPs), characterized by their hydro-
philic and hydrophobic regions, have great potential for cancer 
treatment for several reasons: They increase the half-life of an-
ticancer drugs in the bloodstream because of their ease of sur-
face modification, hydrophilic and hydrophobic drug loading 
potential, high biocompatibility, high interaction with a high 
surface/volume ratio, and amphiphilic structure  [1–4]. In ad-
dition, these nanoparticles can support physical stability, have 
high drug loading capacity, are easy to scale up, and do not re-
quire the use of organic solvents. Thus, they are currently used 
in biotechnological fields, such as medical and photoacoustic 

imaging technologies [5], nanotechnology, pharmaceutical in-
dustry, cosmetics industry, nutrition, and agriculture, as well 
as having innovative uses in fields such as cosmetics industry, 
nutrition, and agriculture.

LNPs consisting of one or more lipid layers are used in the de-
livery and release of lipid-soluble and amphiphilic substances 
to the target site by allowing encapsulation of lipid-soluble 
and amphiphilic substances because of both aqueous phase 
and lipids in their structure  [1, 3, 6]. One type of LNPs in-
cludes liposomes, solid lipid nanoparticles (SLNs), and nano-
structured lipid carriers (NLCs), cationic lipid–nucleic acid 
complexes. These are used to deliver various therapeutics, 
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such as anticancer drugs and vaccines, by improving drug 
loading, diffusion across biological barriers, and targeting 
properties [7].

Such properties have made LNPs a promising target for targeted 
therapy. They protect the loaded cancer drugs from oxidation 
and degradation by forming a phospholipid barrier against bio-
logical secretions and enzymes, while ensuring adequate ther-
apeutic drug concentrations in the tumor's microenvironment 
[2, 8, 9]. Overall, LNPs present a promising avenue for advancing 
pharmaceuticals through efficient and targeted drug delivery 
systems with enhanced therapeutic effectiveness and reduced 
side effects [10–12].

There are various lipid sources and processes used in the syn-
thesis of LNPs employed in drug delivery systems. Generally, 
LNPs are produced using organic solvent-free methods such 
as ultrasonication, high-pressure homogenization, high-speed 
mixing, phase inversion, emulsion/solvent evaporation, solvent 
injection, and double emulsion [9, 13–15]. Examples of preferred 
lipid components in LNP formation are fatty acids, fatty alco-
hols, glycerides, stearic acid, and liquid fats and waxes such as 
glycerol triacrylate, ethyl oleate, isopropyl myristate, glycerol di-
oleate, and oleic acid. Lipid–water interface surfactants reduce 
the interfacial tension between the aqueous phases and lipid 
and also increase the stability of the resulting formulations. 
Surfactants/emulsifiers commonly used in LNP preparation are 
lecithin, poloxamer 188-407, tyloxapol, polysorbate 20-60-80, 
sodium (glyco)cholate, Tween80, and so forth [9, 11, 16].

Palm oil, which includes essential compounds, fatty acids, and 
phytonutrients such as carotenes, tocopherol, and tocotrienol, is 
a natural oil containing many important compounds and fatty 
acids easily exploitable in lipid-based formulations and drug de-
livery. A lipid-based formulation using palm oil has the poten-
tial to eliminate problems associated with current drug systems, 
such as hydrophobicity, lipophilicity, low bioavailability, drug 
permeability, and solubility [17]. However, there is little research 
on the application of palm oil and its fractions in lipid-based 
formulation. The present study therefore seeks to explore the 
research and findings on incorporating regional palm oil into 
lipid-based formulations and drug delivery systems, emphasiz-
ing the significance of assessing its potential and advantages. 
Current research areas related to the use of palm oil–based 
nanoparticles include their application in fields such as nano-
composite processing, environmental remediation, construction 
composite materials, catalysis, and various bioengineering ap-
plications, including cancer therapy, biomedical research, drug 
delivery, and nutraceutical formulations [18–20]. One future re-
search direction is a focus on enhancing drug delivery through 
various mechanisms. Studies have demonstrated that SLNs and 
NLCs containing palmitic acid can be designed with specific 
properties, such as a size of 250 nm, negative zeta potential, and 
controlled release capabilities. These attributes contribute to im-
proved drug bioavailability and intracellular delivery [18, 20]. 
These nanoparticles can be engineered so that they are able to 
interact effectively with physiological fluids, remain stable, and 
exhibit enhanced cellular uptake capacity, ultimately leading to 
improved drug delivery into the oral mucosa [18]. Additionally, 
the use of palmitic acid in nanoparticle formulations has been 
shown to enhance drug stability, sustained release, and mucosal 

delivery, overcoming biological barriers such as gastrointestinal 
degradation and mucus barriers, making them promising for the 
oral administration of hydrophobic drugs, thereby improving 
therapeutic efficacy, reducing cancer cell viability, and promot-
ing tissue repair [20–22].

Optimization of parameters such as lipid and surfactant concen-
trations, drug, environmental conditions (temperature, etc.), incu-
bation time, and mixing rate is crucial for obtaining nanoparticles 
with desired characteristics, such as small size and narrow distri-
bution, and is of critical importance in the synthesis of LNP [9]. In 
this study, various techniques were used to optimize the synthesis 
of LNPs using thyme oil and palm oil extracted from the regional 
palm fruits (see Supporting Information). The Design Expert pro-
gram was used for optimization in the synthesis of LNPs. The 
effect of drug:lipid ratio (1:3–1:7), drug type (ibuprofen or aspi-
rin), and incubation time (5–15 min) on encapsulation efficiency 
(EE%), antibacterial effects on Escherichia coli and Staphylococcus 
aureus bacteria were investigated and optimized by Surface 
Response Method, Central Composite Design. This program was 
used to establish 22 experimental sets, after which optimization 
studies were initiated. The aim of the study is the characterization 
of LNPs synthesized with different drug contents, determining the 
potential for use in biotechnology and reaching the optimum pro-
duction process, contributing to the literature with the first study 
on palm oil used in this way. Incorporating palmitic acid into LNP 
formulations has shown promising results in enhancing encapsu-
lation efficiency, antibacterial activity, and cytotoxic effect on the 
hepatocarcinoma cell line (Huh7).

2   |   Materials and Methods

2.1   |   Lipid Extraction

The palm oil acquired from the fruits of local palm trees (Elaeis 
guineenis) in İzmir and the thyme oil used for the synthesis of 
lipid nanoparticles were selected for their suitability for the in-
tended use, easy availability, saturation levels, and lipid struc-
tures. Approximately 100 g of palm fruit samples were washed, 
dried, and ground. Subsequently, ultrasound-assisted extraction 
of the ground palm lipid extracts was performed using 95% 
ethanol in 1 L [23]. The sample and solvent mixture was sub-
jected to the extraction procedure in an ultrasonic bath with an 
integrated temperature control system (Jeiotech, US Portable 
Cleaners). The procedure was maintained for 10 min at a high 
sound level and a temperature of 20°C ± 2°C. The mixture was 
kept on a magnetic stirrer for 24 h, and the residue was vacuum 
filtered using a Whatman No. 1 filter.

The solution was then placed in a rotary evaporator at 9000 rpm, 
60°C for 45 min to obtain palm oil. After solvent evaporation, the 
resulting material was considered and named as a lipid extract 
(palm oil). This content was also characterized to better under-
stand the ingredients of palm oil with Gas Chromatography 
(GC) (Shimadzu GC 2030 Nexis, Japan). 0.1 g of palm oil was 
weighed, and 10 mL of hexane with 0.5 mL and 0.2 N KOH 
solution were added to the palm oil content [24]. After approx-
imately 2 h, the extracted solution was analyzed on a Restek, 
Rxi-5ms (Crossbond 5%, diphenyl/95%, dimethylpolysiloxane), 
30 m, 0.25 mmID, 0.25 μm df column with 0.2 mL/min nitrogen 
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gas, and the final determination was made in a flame ionization 
detector (FID).

2.2   |   Synthesis of Drug-Loaded and Nondrug LNP

In this study, ultrasonication and high-speed mixing were 
combined for an effective and efficient synthesis process in 
the preparation of homogeneous LNPs [13, 25–28]. In general, 
LNP synthesis was performed by injecting the aqueous phase 
containing 1% w/v Tween 80 solutions into the lipid phase, 
magnetically stirred at 500 rpm, at a rate of 1 drop/s. The tem-
perature of both phases was maintained at 75°C. For the syn-
thesis of drug-loaded LNPs, either aspirin or ibuprofen was 
added to the aqueous solution in specific amounts according 
to the design. The effects of the drug:lipid ratio (1:3–1:7), type 
of drug (ibuprofen or aspirin), and incubation time (5–15 min) 
on encapsulation efficiency (EE%), as well as the antibacterial 
effects on E. coli and S. aureus bacteria, were optimized in 
Central Composite Design.

The obtained pre-emulsion was homogenized at high speed 
using the Ultra-Turrax T25 homogenizer at 8000 rpm for var-
ious incubation times (ranging from 5 to 15 min) at 75°C to 
prevent lipid crystallization. The final product was subjected 
to high-power sonication for 10 min at a constant temperature 
of 75°C. The mixture was first allowed to cool to room tem-
perature and then subjected to centrifugation at 10000 rpm 
for 30 min at 4°C with the objective of separating the formed 
LNP from the medium. The LNPs, collected in pellet form and 
washed three times, were lyophilized for 48 h, and the drug-
loaded and nondrug LNPs were stored at −20°C for character-
ization procedures.

2.3   |   Encapsulation Efficiency (EE%)

To determine LNPs' incorporation capacity, according to the 
CCD, freeze-dried LNPs were dissolved in methanol, and the solu-
tion was analyzed directly for both aspirin and ibuprofen drugs 
using UV–vis spectrophotometry at 225 and 264 nm, respectively. 
Encapsulation efficiency (EE) was defined as follows [6, 21].

2.4   |   Statistical Analysis

The Design Expert program (version 13.0, Stat-Ease Inc., 
Minneapolis, MN) was used to optimize the production processes 
for the synthesis of LNPs. The Response Surface Methodology, 
Central Composite Design was employed to investigate and op-
timize the effects of the drug:lipid ratio (1:3–1:7), type of drug 
(ibuprofen or aspirin), and incubation time (5–15 min) on encap-
sulation efficiency (EE%), as well as the antibacterial effects on 
E. coli and S. aureus bacteria. Twenty-two trial runs with 20-mL 
working volume in Erlenmeyer flasks were conducted to initi-
ate optimization studies. Differences between groups were an-
alyzed using Student's t-test or one-way ANOVA, with Tukey's 
post hoc test applied for multiple comparisons. Statistical signif-
icance was defined as p < 0.05 (*), and a more stringent signifi-
cance level was set at p < 0.01 (**).

2.5   |   Characterization of LNPs

2.5.1   |   UV–Visible Spectrophotometric Analyses

The surface plasmon resonances of drug-loaded and nondrug 
LNPs were scanned by UV–vis spectrophotometry (Perkin 
Elmer LAMBDA 750 UV/Vis/NIR) in the range of 250 and 
800 nm [29]. The aspirin and ibuprofen stock solutions were 
prepared by taking 10 mg of each drug in 100 mL of pH 7.4 
phosphate buffer. The drugs were dissolved in a solvent using 
a sonicator. Five different dilutions were prepared, with concen-
trations of 4,6, 8, 12, 16, and 50 μg/mL, respectively. Calibration 
curves were created for both aspirin and ibuprofen drugs at 225 
and 264 nm, respectively.

2.5.2   |   Fourier Transform Infrared Spectroscopy 
(FTIR) Analyses

In order to identify the functional groups associated with LNP 
formations, infrared spectra analysis was performed. This 
analysis was carried out using a PerkinElmer Spectrum FTIR 
Spectrometer in ATR mode at room temperature within the 
range of 400–4000 cm−1 [29].

2.5.3   |   Dynamic Light Scattering (DLS) Analyses

Malvern Zeta Sizer NanoPlus Analyzer was used to determine 
zeta potential, hydrodynamic size distribution, the average har-
monic mean particle diameter, and polydispersity index (PDI) 
value of drug-loaded and nondrug LNPs [30]. For each suspen-
sion, measurements were taken at room temperature and con-
ducted in duplicates.

2.5.4   |   Scanning Electron Microscopy (SEM) and  
Energy-Dispersive X-Ray Spectroscopy (EDX) Analyses

The morphology of LNPs coated with Au-Pd under 7.50 kV high 
vacuum was investigated using SEM (Thermo Scientific Apreo 
S.). The elemental composition of the LNPs was analyzed using 
EDX detectors.

2.6   |   Antibacterial Activity Test

The disc diffusion method was used to assess the antibacte-
rial activity of LNPs against Gram-negative E. coli and Gram-
positive S. aureus [31]. In this study, gentamicin (Biochrom AG, 
10 mg/mL) was utilized as the positive control, whereas nondrug 
LNPs served as the negative control.

2.7   |   In Vitro Cytotoxicity and MTT Assay of LNPs

During a period of 48 h treatment, the in  vitro cytotoxicity of 
LNPs was tested against the hepatocarcinoma cell line (Huh7), 
determined by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tet
razolium bromide (MTT) assay at different concentrations. The 
cells were seeded in 96-well plates containing 100 μL of DMEM 

EE% = (Actual drug loading∕Theoretical drug loading) × 100
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low glucose medium supplemented with 10% FCS, 1%P/S 
(50 units/mL penicillin and 50 μg/mL streptomycin) at 37°C in 
a humidified atmosphere of 5% CO2 incubator. The cellular den-
sity was adjusted to be 5000 cells per well (n = 3).

Following cell seeding, the medium was substituted with a fresh 
medium containing the drug-loaded nanoparticles and Sorafenib. 
The samples were then incubated for 48 h. In detail, 15 μL of MTT 
solution (5 mg/mL, BioBasic-0793) was added to each well, and 
the cells were further incubated at 37°C for 4 h. The cell viability 
% was recorded under different treatment conditions, including a 
control group, two concentrations (100 and 50 μM) of ibuprofen- 
and aspirin-loaded nanoparticles, and Sorafenib drug used as a 
positive control, using the formula given below:

After that, 100 μL of DMSO was added after removing all media, 
and the absorbance values were recorded at both 570 and 620 nm 
using a microplate reader to dissolve the formazan crystals 
(Multiskan FC, ThermoFisher Sci., Waltham, MA, USA) [29, 32].

3   |   Results and Discussion

Absorption spectrum and specificity studies were performed for 
aspirin and ibuprofen to determine the maximum absorption 
wavelength, and the specific absorption spectrum, which were 
found to be 225 and 264 nm, respectively. The calibration curve of 
the drug obeyed Beer–Lambert's law in the concentration range of 
4–50 μg/mL (R2 = 0.99), and results are shown in Figure 1.

The equations obtained from the calibration curve were used 
to calculate the actual drug concentrations to determine each 
drug's encapsulation efficiency.

Before initiating the synthesis of the LNPs process, the palm oil 
extracted with existing facilities was characterized by using GC. 
The fatty acid profiles of palm fruit extracts obtained from re-
gional sources were composed of both saturated and unsaturated 
fatty acids, including 27.5% of lauric acid (C12:0), 12.2% of myris-
tic acid (C14:0), 9.5% of palmitic acid (C16:0), 2.4% of stearic acid 

(C18:0), 37.8% of elaidic acid (C18:1 trans-9), and 10.6% of linoleic 
acid (C18:2). The fatty acid profiles of palm oil extracted by other 
techniques are similar, except for variations in the concentration of 
saturated and unsaturated fatty acids [33].

3.1   |   Optimization Results of Drug-Loaded 
and Nonloaded LNPs

Aspirin- and ibuprofen-loaded LNPs were prepared by mixing 
each drug with two types of lipids (palm oil and thyme oil) 
and a surfactant (Tween80) via ultrasonication and high-speed 
mixing, resulting in different formulations created by Design 
Expert software. The various compositions of drug-loaded 
LNPs and their responses for encapsulation efficiency (EE%) 
and antibacterial activities for E. coli (EC, mm) and S. aureus 
(SA, mm) are summarized in Table 1. Overall, the formulations 
exhibited varying degrees of antibacterial activity, with EC 
showing inhibition zone diameters ranging from 7 to 13 mm, 
and SA showing diameters ranging from 7 to 14 mm. Notably, 
formulations containing ibuprofen generally demonstrated su-
perior or comparable efficacy compared with those containing 
aspirin. The highest antibacterial activity (13 mm for EC and 
14 mm for SA) was observed in Run 2, which had a drug:lipid 
ratio of 1:7 and an incubation time of 15 min and used ibupro-
fen. Conversely, the lowest inhibition zones (7 mm for both EC 
and SA) were recorded for Run 10, which used aspirin with a 
1:2 drug-to-lipid ratio and a 10-min incubation time. The data 
suggest that the type of drug and the drug:lipid ratio are criti-
cal factors influencing the resulting antibacterial efficacy, with 
ibuprofen-loaded formulations generally providing a more po-
tent inhibitory effect against the tested pathogens.

The encapsulation efficiency of LNPs was the primary response 
in all experimental studies, with the minimum and maximum 
values of the variables used in this design presented in Table 1. 
In this set of experiments, the maximum EE% of LNPs was ob-
tained as 94%, at the point where the ibuprofen used drug:lipid 
ratio was 1:7 in a 5-min incubation time.

The F value of the model was determined by analysis of variance 
(ANOVA) to be 17.37, which indicates statistical significance 
(p < 0.05). According to the ANOVA test, significance was found 

%Cell viability =
Absorbance of treated cells − absorbance blank

Absorbance control − absorbance blank
× 100

FIGURE 1    |    Calibration curve for aspirin and ibuprofen.

Aspirin Concentration (µg/mL) Ibuprofen Concentration (µg/mL)
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for the type of the drug, drug:lipid ratio, and the interactions of 
these two variables (p < 0.05). It is evident that the theoretical 
and experimental values are closely matched for the synthesis of 
drug-loaded LNPs, suggesting that the model was successfully 
developed, showing a strong correlation between the variables 
affecting the EE% of the nanoparticles (Table S1).

The relationship between the selected parameters and each re-
sponse was established using a second-order polynomial equa-
tion (Equation 1 and 2) in terms of coded factors for the EE of 
aspirin and ibuprofen, respectively:

The statistical equation indicates that the negative values rep-
resent an antagonistic effect and the positive values have a syn-
ergistic effect on the response where “A” is drug:lipid, “B” is 
incubation time, and “C” is type of the drug.

The R2 value, which is a measure of the model's fit, is close to 
one, thus demonstrating a strong correlation between the ex-
perimental and predicted responses [32]. With an R2 of 0.9144, 
which aligns well with the adjusted R2 of 0.8618, the model ex-
hibits high significance.

The optimization study was conducted with the objective of 
maximizing the EE% following a one-way ANOVA procedure. 
The 3D visual of the model indicates that to increase the EE% 
of LNPs, a suitable ratio is 1:7 of drug to lipid, in addition to 
a 5-min incubation time for both drugs (Figure 2). However, it 
was observed that the ibuprofen-loaded LNPs exhibited a higher 
EE% compared with the aspirin-loaded ones. The lower EE% 
could be attributed to differences in saturation solubility of lip-
ids in various solvents, the solubility of the drug in the aqueous 
phase, viscosity of the internal phase, and the degree of vapor 
pressures [34]. In studies, Pethe et al. [34] reported that aspirin-
loaded PLGA nanoparticles were produced using acetone, with 
encapsulation effectiveness ranging from 24% to 60%, whereas 
Yeo et al. [35] reported a correlation between the size of the par-
ticles and the encapsulation effectiveness (EE%) in SLN. They 
found that the presence of H-bonds between the carbonyl group 

(1)
EE% of aspirin= −188.92499+222.19551xA+4.41942xB

−3.96084xAB−58.29642xA2+0.075744xB2

(2)
EE% of ibuprofen= −286.99446+332.76337xA+2.15166xB

−3.96087xAB−58.29642xA2+0.075744xB2

TABLE 1    |    The design of the LNPs synthesis.

Runs

Factor 1 Factor 2 Factor 3 Response 1 Response 2 Response 3

Drug:lipid (w:w) Incubation time (min) Drug EE % EC (mm) SA (mm)

1 1:8 10 Asp 6.0 10 9

2 1:7 15 Ibf 71.1 13 14

3 1:7 5 Ibf 94.0 13 12

4 1:5 10 Ibf 58.2 11 10

5 1:5 17 Asp 5.3 9 9

6 1:5 3 Ibf 86.0 10 10

7 1:7 5 Asp 7.4 9 9

8 1:5 10 Ibf 53.4 11 11

9 1.5 10 Asp 5.8 9 8

10 1:2 10 Asp 2.8 7 7

11 1:3 5 Asp 3.5 8 7

12 1:5 10 Asp 5.6 9 8

13 1:7 15 Asp 7.3 10 10

14 1:5 3 Asp 5.4 8 7

15 1:5 10 Ibf 40.6 12 11

16 1:3 15 Asp 3.5 8 8

17 1:5 10 Asp 5.2 8 9

18 1:2 10 Ibf 22.6 9 9

19 1:3 5 Ibf 12.2 10 11

20 1:5 17 Ibf 31.7 11 11

21 1:3 15 Ibf 20.9 10 10

22 1:8 10 Ibf 63.1 13 13

Abbreviations: Asp, aspirin; EC, Escherichia coli; EE, encapsulation efficiency; Ibf, Ibuprofen; SA, Staphylococcus aureus.
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(C=O) of curcumin and the COOH groups of lipids resulted in 
a disruption of the arrangement of bonds between curcumin 
(Cur) and lipids, leading to a reduction in EE%. In a separate 
study, Lemraski et al. [36] found that the adsorption of ibuprofen 
molecules onto Ag nanoparticles reduced surface area and pore 
volume, while increasing pore diameter due to the occupation of 
large pores, causing internal pore strain. This outcome validates 
this study's finding of ibuprofen's efficacy of encapsulation.

A series of experiments were conducted under optimal production 
conditions with the objective of validating the developed model 
and confirming the optimization results for LNP synthesis with 
both drugs. The optimal parameters included ibuprofen as the 
drug, a drug-to-lipid ratio of 1:7, a 5-min incubation time, and a 
mixing speed of 250 rpm. The harmonic mean particle diameter 
determined under these conditions was measured as 210 ± 10 nm.

Increasing the lipid ratio positively influenced the increase 
in antibacterial activity against both E. coli and S. aureus for 
both ibuprofen and aspirin. However, the results obtained with 

ibuprofen samples are superior, and only ibuprofen progressed 
according to expected results (Figures  3 and 4). According to 
Assuncao et al. [37], the amount of oil added to the nanoparticle 
synthesis had a significant and positive effect on particle size.

3.2   |   Characterization of Drug-Loaded 
and Nonloaded LNPs

The surface morphology of the LNPs was examined by SEM. 
SEM images show that spherical-shaped particles are prevalent 
in both aspirin- and ibuprofen-loaded LNPs, ranging from 176.2 
to 220.4 nm and 218.6 to 557.1 nm, respectively (Figure 5). These 
results are in accordance with the data obtained by DLS analyses.

Composite EDX analysis was performed to confirm the forma-
tion of LNPs. Separate analyses of aspirin- and ibuprofen-loaded 
structures were performed. Since the synthesized composite 
nanostructure is organic, the elements C, N, and O are prom-
inently observed in the EDX spectrum. The values measured 

FIGURE 2    |    Results for ibuprofen-loaded LNPs (A) and aspirin-loaded sample (B).

FIGURE 3    |    Antibacterial zone diameter effect of (A) aspirin-loaded LNPs, (B) ibuprofen-loaded LNPs, and (C) drug interaction on E. coli.
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in atomic and weight percentages are detailed in the EDX 
spectrum and listed with eZAF Smart Quant tables shown in 
Figure  6. The peaks identified in the elemental analysis of as-
pirin- and ibuprofen-loaded nanoparticles are C (0.277 keV) 
and O (0.525 keV), and these peaks dominate because of the 
organic and oxygen-rich structure of ibuprofen (C13H18O2), as-
pirin (C9H8O4), and lipid molecules [38, 39]. Ibuprofen-loaded 

NP has a high carbon content because of its aromatic and alkyl 
groups. Oxygen peaks result from the carboxyl group (–COOH) 
and oxygen atoms in the molecule. Although nitrogen is not a 
constituent of pure ibuprofen, it may be present in formulations 
or excipients associated with the lipid nanoparticles [36]. In the 
case of aspirin-loaded NP examination, the high carbon content 
is due to the aromatic ring and carbon chains in aspirin. The 

FIGURE 4    |    Antibacterial zone diameter effect of (A) aspirin-loaded, (B) ibuprofen-loaded LNPs, and (C) drug interaction on S. aureus.
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FIGURE 5    |    SEM images of drug-loaded nanoparticles at 10 000× and 50 000×.
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oxygen content corresponds to the oxygen atoms in the carboxyl 
group (–COOH) and the ester functional group in aspirin. In 
these NPs, impurities and excipients used in nanoparticle carrier 
systems or a substrate (e.g., silica- or sodium-based compounds) 
led to the observation of additional peaks for elements such as 
sodium (Na, ~1.04 keV) or silicon (Si, ~1.74 keV). Hydrogen (H) 
was not detected in EDX because of its low atomic number [39].

Particle characterization studies were conducted to evaluate the 
effects of various factors by using selected runs. Particle size and 
PDI values, which are used to determine the quality of nanopar-
ticles, are important in influencing cell uptake of endocytosis-
based drug delivery systems in various therapeutic areas such 
as cancer treatment [31]. PDI, also known as the homogeneity 
index, refers to the size distribution of particles in a sample [40].

FIGURE 6    |    Peaks corresponding to elements in aspirin-loaded nanoparticle (A) and peaks corresponding to elements in ibuprofen-loaded 
nanoparticle (B).

(A)

(B)
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Zeta potential, which is indicative of the electrical potential 
on a particle's surface, is a critical factor in determining the 
stability of the particles. Higher zeta potential values result in 
particle repulsion, thereby preventing nanoparticle aggrega-
tion and enhancing storage stability. Values exceeding ±30 mV 
indicate strong stability against droplet coalescence [37, 41]. 
Conversely, lower zeta potential values promote the release of 
encapsulated drugs [35, 42]. The classification of nanoparticle 
zeta potential ranges from −10 to +10 mV as neutral, to ≤ −30 
or ≥ 30 mV as strongly anionic or cationic, respectively [41]. In 
this study, particle size, PDI, and zeta potential of all the for-
mulations for aspirin ranged from 182.7 to 365.6 nm, 0.218 to 
0.314, and −1.6 to −3.87 mV, respectively. Concurrently, PDI, 
the particle size, and zeta potential of all the formulations for 
ibuprofen ranged from 0.299 to 0.376, 254.8 to 526.5 nm, and 
−6.26 to −12.7 mV, respectively. Large positive or negative zeta 
potential values indicate that the sample is stable, whereas 
smaller values indicate low stability and potential particle ag-
gregation because of Van der Waals interactions [37]. Aligning 
with the results of this study, Sabeti et al. also obtained drug-
loaded palm oil–based nanoparticles with dimensions of ap-
proximately > 400 nm.

Stability was assessed by measuring nanoparticle sizes after 
30 days for both aspirin- and ibuprofen-loaded LNPs, and the re-
sults of the average particle diameter were formed as 182.7 + 10.5 
to 365.6 + 15.3 nm and 254.8 + 11.2 to 526.5 + 14.2 nm, respec-
tively. Changes in particle size were minimal at the endpoint, 
zeta values remained positive (+30 ± 10 mV), and PDI below 0.2 
indicated that all systems were homogenous [12].

According to Ribeiro et al. [41], the particle size of crude palm 
oil NPs with casein and gum arabic was found to be 155.66 and 
177.86 nm, respectively. PDI values of palm oil NPs were below 
0.2, indicating that the sample was monodispersed. Higher zeta 
potential values (≥ −30 mV) were observed for crude palm oil 
NPs. It is widely accepted that surface droplets are suitable for 
the maintenance of stable emulsions when they exhibit a neg-
ative electric charge in conjunction with nonionic surfactants 
and have values of more negative than −30 mV. Casein-based 
nanoparticles are smaller than drug-loaded nanoparticles, prob-
ably due to the amphiphilic structure leading to pH decrease and 
strong electrostatic repulsion [41]. In another study focusing on 
the formulation of solid lipid palm oil–based nanoparticles, an 
optimal formulation exhibited a particle size of 140.5 ± 1.02 nm, 
a PDI of 0.218 ± 0.01, and a zeta potential of 28.6 ± 8.71 mV, sug-
gesting a stable and uniform nanoparticle system suitable for 
therapeutic applications [37]. Ideally, LNPs should have smaller 
and more uniform particle sizes, particularly for applications 
such as intravenous drug delivery. In addition, the effect of lipid 
concentration on particle size could be related to the interaction 
between lipids and drugs [35].

FTIR spectroscopy is a widely employed technique for the eval-
uation of the quality of diverse molecules and the identifica-
tion of functional groups within the structural composition of 
a compound [43]. FTIR spectrum of nonloaded LNP and ibu-
profen- and aspirin-loaded LNPs are shown in Figure 7, respec-
tively. Generally, adsorption peaks between 3200 and 3600 cm−1 
are due to the following: stretching and bending vibrations in 
bonds, N–H vibrations in peptide groups, or O–H vibrations 

FIGURE 7    |    FTIR Results of nonloaded (A), ibuprofen-loaded (B), and aspirin-loaded LNPs (C).
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in alcoholic and phenolic groups. The absorption peak in the 
region of 2800–3000 cm−1 corresponds to the stretching vibra-
tions of methyl (C–H) in aldehyde compositions that commonly 
occur in fats and oils. At around 1700 cm−1 could be due to C=O 
stretching. The peak at 1400–1600 cm−1 corresponds to stretch-
ing vibrations of C=C in aromatic rings or N–H vibrations in 
Type II amines. In the range of 800–1250 cm−1, C–C, C–H, C–O, 
and C–N vibrations could occur in aliphatic amines and aromat-
ics [44]. The spectral peaks at around 1000 cm−1 are due to the 
presence of the C–O and C–H stretching of aromatic compounds 
[37, 44–48]. Using FTIR spectra, it was possible to directly de-
tect crucial functional groups such as ketones (C=O stretching 
at 1750–1625 cm−1), carboxylic acid (C=O stretching at 1730–
1650 cm−1 and O–H stretching bonded by hydrogen at 3400–
2400 cm−1), and aldehydes (C=O stretching at 1750–1625 cm−1, 
C=O stretching in C–H at 2850–2800 cm−1, and C=O stretching 
in C–H at 2750–2700 cm−1) [37].

In this study, the FTIR spectrum of nonloaded LNPs showed char-
acteristic peaks at 3370 (O–H stretching), 2920 (C–H stretching), 
2163 (C=C stretching), 1720 (C=O stretching), 1606 (C=O stretch-
ing), and 1521 cm−1 (C=C in aromatic rings, COOH stretching), 
as summarized in Figure  7. Ibuprofen-loaded LNPs have bands 
at 3345 cm−1 (O–H stretching), 2854–2923 cm−1 (C–H stretching), 
and also around 2800 cm−1. These could be due to the stretching 
of C=O bonds in ketones, 1740 cm−1 (C=O stretching), around 
1456–1610 cm−1 (C=C in aromatic rings, COOH stretching), 
around 1200 cm−1 (C–C, C–H, C–O, or C–N stretching), and 
around 1000 cm−1 (stretching of C–H bonds in aromatic rings). 
Pham et al. [49] reported that ibuprofen-loaded SLNs have absorp-
tion peaks at wavelengths of 1720 cm−1 (COOH stretching) and 
1230 cm−1 (C = C group of aromatic rings). The intensity of the 
characteristic peak of ibuprofen at 1720 cm−1 can vary according 
to the interaction between the –COOH group in ibuprofen mole-
cules and –OH group in other molecules. This result also explains 
the decreases in LNPs' particle size and the increase of encapsu-
lation efficiency [49]. Aspirin-loaded LNPs spectral peaks deter-
mined at 3342.62 cm−1 (O–H stretching), 2855–2923 cm−1 (C–H 
stretching), 2163 (C=C stretching), 1739 cm−1 (C=O stretching), 
around 1598 cm−1 (C=O stretching), around 1400 cm−1 (C=C in 
aromatic rings, COOH stretching), and around 1000 cm−1 (stretch-
ing of C–H bonds in aromatic rings). Elmowafy et al. [50] explored 
the potential of quercetin/aspirin-loaded chitosan nanoparticles, 
similar to the current study [50]. According to Yeo et al. [35], the 
FTIR spectra of palmitic acid, stearic acid, and lauric acid showed 
characteristic peaks at 2850 and 2918 (CH2–CH3 stretching), 1702 
(C=O), and 1465 cm−1 (COOH stretching). The spectra were 
similar among the analyzed samples, and both drug-loaded and 
nonloaded LNPs showed characteristic peaks of the constituents 
present in the formulations. Also, the OH ions in the environment 
play a role in both stabilization of LNPs. These conditions prevent 
aggregation and produce a greater number of nucleation sites 
[51]. According to Shahab-Navae [44], the presence of these peaks 
across all three samples indicates the presence of a wide range of 
metabolites, especially phenolic and flavonoid compounds [44].

3.3   |   In Vitro Cytotoxicity Assay

The in  vitro cytotoxicity assay of palm oil–based nanoparti-
cles is a crucial step in evaluating their biocompatibility and 

potential for biotechnological applications. In this process, the 
MTT method was used to assess in  vitro cytotoxicity activity 
of ibuprofen- and aspirin-loaded LNPs against the hepatocarci-
noma cell line (Huh7). The control group exhibits the highest 
cell viability at 100%, as expected. Treatments with ibuprofen 
significantly reduce cell viability, with Ibu (100 μM) and Ibu 
(50 μM) showing approximately 50% and 60% viability, respec-
tively. Similarly, aspirin treatment decreases cell viability, with 
Asp (100 μM) and Asp (50 μM) yielding roughly 65% and 70% vi-
ability. Sorafenib demonstrates the most potent cytotoxic effect, 
reducing cell viability to approximately 30%. These results sug-
gest a dose-dependent cytotoxic effect for ibuprofen and aspirin 
and a notably stronger effect of sorafenib (Figure 8).

The size, surface charge, and composition of nanoparticles have 
been shown to significantly influence their interaction with cells. 
Owing to their lipid composition, palm oil–based nanoparticles 
are generally expected to exhibit low toxicity and high biocompat-
ibility, making them potentially effective in drug delivery systems. 
However, it is important to carefully assess factors such as particle 
aggregation, oxidative stress induction, and cellular uptake effi-
ciency. Additionally, dose-dependent toxicity patterns should be 
analyzed to identify any potential cytotoxic thresholds. The find-
ings from this study contribute to the broader understanding of 
the suitability of palm oil–based nanoparticles in pharmaceutical 
and nutraceutical applications [6, 12, 42, 50, 52, 53].

4   |   Conclusion

This study successfully optimized, for the first time as a 
region-specific output, the synthesis and characterization of 
LNPs loaded with aspirin and ibuprofen using locally sourced 
palm oil and thyme oil. The utilization of regional palm oil as 
a lipid component contributes to the sustainability and bio-
compatibility of the formulation, while enhancing drug en-
capsulation efficiency and antibacterial activity. The research 
findings demonstrate that the maximum EE% of 94% and two 
times higher antibacterial effectiveness compared with aspirin-
loaded LNPs were achieved using ibuprofen at a drug:lipid ratio 
of 1:7 with a 5-min incubation time. The successful inclusion 
of both aspirin and ibuprofen resulted in a strong negative 

FIGURE 8    |    %cell viability under different treatment conditions, in-
cluding a control group, two concentrations (100 and 50 μM) of ibupro-
fen and aspirin, and sorafenib drug.
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surface charge (up to −15 mV) and produced formulations with 
average particle sizes ranging from 180 to 560 nm. In conclu-
sion, the physicochemical characterization of the drug-loaded 
LNPs demonstrated key attributes suitable for targeted deliv-
ery. Specifically, ibuprofen- and aspirin-loaded LNPs exhibited 
promising cytotoxic effects on the hepatocarcinoma cell line 
(Huh7), showing 50% and 70% viability at a concentration of 
50 μM, respectively. Ultimately, the optimized palmitic acid–in-
corporated LNP formulations, exhibiting high EE% and supe-
rior stability, demonstrate considerable promise for enhancing 
the clinical therapeutic efficacy of antitumor drugs. This study 
introduces an innovative and sustainable approach to synthe-
sizing nanoparticles using palm oil derivatives, which signifi-
cantly enriches the existing literature and highlights potential 
applications in areas such as targeted drug delivery for cancer 
and the management of infectious diseases. Moving forward, 
future research should prioritize in vivo evaluations and rigor-
ously assess the long-term stability and bioavailability of these 
nanoparticles. It should also explore the scalability of the for-
mulation to facilitate clinical translation and expansion into 
other therapeutic areas, such as tissue repair.
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