Synthesis and Characterization of Oleic
Acid-Coated Calcium Phosphate Nanoparticles
for Gene Delivery Applications

ABSTRACT

Background: Efficient gene delivery remains a major challenge in gene therapy,
necessitating the development of biocompatible and effective carrier systems. This
study aimed to synthesize and evaluate oleic acid-modified calcium phosphate
(OA-CaP) nanoparticles for their potential as a non-viral gene delivery vector.

Methods: Oleic acid-modified calcium phosphate nanoparticles were synthesized
and characterized using dynamic light scattering (DLS), zeta potential analysis,
scanning electron microscopy (SEM), and Fourier transform infrared spectroscopy
(FTIR). Cytotoxicity was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) assay, and transfection efficiency was evaluated in
L929 cells using fluorescence microscopy. Phase-contrast microscopy was used to
observe cell morphology and proliferation.

Results: Oleic acid-modified calcium phosphate nanoparticles exhibited a smaller size
(193.1 + 12.7 nm) and a higher surface charge (+22.6 + 2.7 mV) compared to unmodi-
fied CaP, resulting in improved colloidal stability and cellular interactions. Cytotoxicity
analysis indicated high cell viability at lower concentrations, while a dose-dependent
decrease in viability was observed at higher concentrations. Transfection studies
demonstrated significantly higher gene expression in OA-CaP/pDNA-transfected
cells compared to naked pDNA. Transfection efficiencies increased from 22.24%
+ 20.13% at 24 hours to 72.43% + 36.57% at 72 hours. Additionally, phase-contrast
microscopy confirmed maintained cell morphology and enhanced proliferation.

Conclusion: Oleic acid-modified calcium phosphate nanoparticles exhibit high trans-
fection efficiency and minimal cytotoxicity at optimized concentrations, highlighting
their potential as a promising gene delivery system. Future studies should focus on
in vivo evaluations to further establish their therapeutic applicability in gene therapy.

Keywords: Cytotoxicity, gene delivery, L929 cells, OA-CaP nanoparticles, transfec-
tion efficiency

INTRODUCTION

Gene transfer is a process that enables the delivery of genetic material to tar-
get cells.! In this process, genetic material is transferred into cells using carrier
vectors.? Achieving high transfection efficiency is one of the most critical fac-
tors for successful gene transfer. Both viral and non-viral vectors are widely
used in gene delivery.® Although viral vectors exhibit high transfection effi-
ciency, they have several disadvantages, including immunogenic responses,
cytotoxic effects, the risk of insertional mutagenesis, and limited cargo capac-
ity.* Non-viral vectors, on the other hand, have been developed as alternatives
to viral vectors due to their minimized biosafety risks, low immunogenicity,
cost-effectiveness, and broader application potential.®

Calcium phosphate nanoparticles are advanced carrier systems developed as
alternatives to conventional delivery systems such as polymeric nanoparticles,
liposomes, and emulsions.? These nanoparticles, ranging in size from 10 to 200
nm, exist as colloidal suspensions in agueous solutions.” Due to their biocom-
patible and biodegradable nature, they are widely used in biomedical applica-
tions such as gene delivery, drug delivery, and tissue engineering.? Negatively
charged DNA molecules bind to positively charged regions on the surface of
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calcium phosphate nanoparticles through electrostatic
interactions. The resulting complex binds to receptors on
the cell membrane and enters the cell via endocytosis. The
acidic environment of endosomes facilitates the dissolu-
tion of the nanoparticles and the release of DNA. The sub-
sequent transport of DNA into the cell nucleus is a critical
step for gene expression.? However, the nuclear migration
mechanism of DNA is not yet fully understood, and it is
believed that nuclear transport carriers and signaling path-
ways play a crucial role in this process.”®

Oleic acid is a monounsaturated fatty acid commonly
found in both plant and animal fats. It plays a significant role
in cell membrane structure and can enhance membrane
fluidity. Due to its amphiphilic nature, oleic acid (OA)
improves the interaction capacity of carrier vectors with
cellular membranes, facilitating the passage of nanopar-
ticles through the cell membrane." Additionally, OA coat-
ing prevents nanoparticle aggregation, enhances stability,
and increases transfection efficiency.” Therefore, coating
calcium phosphate nanoparticles with OA plays a critical
role in improving their effectiveness as gene carriers.

In  this study, oleic acid-coated calcium phosphate
(OA-CaP) nanoparticles were synthesized and evaluated
for their gene delivery potential. Comprehensive physi-
cochemical characterizations (FTIR, SEM, DLS, and zeta
potential) were performed to assess their structural and
surface properties. Cytotoxicity and transfection efficiency
were examined in L929 fibroblast cells. The findings high-
light the potential of OA-CaP nanoparticles as biocompat-
ible gene delivery carriers.

MATERIAL AND METHODS

Synthesis of Calcium Phosphate Nanoparticles

Calcium phosphate nanoparticles were synthesized
using a 2-step microemulsion method.” In the first step,
Microemulsion A was prepared by dissolving calcium chlo-
ride (CaCl2) at 0.05 M concentration, sodium dodecyl
sulfate (SDS) at 1% (w/v), and Tween80 at 1% (w/Vv) in a con-
tinuous stirring process for 24 hours. Then, Microemulsion
B was formed by dissolving sodium citrate at 0.025 M,
disodium hydrogen phosphate at 0.025 M, SDS at 1% (w/V),
and Tween80 at 1% (w/Vv), also under continuous stirring
for 24 hours. After 24 hours of incubation, Microemulsion
B was slowly added to Microemulsion A. Centrifugation
was performed at 10 000 rpm, and the supernatant was
removed. The mixture was then stirred for 72 hours at
600 rpm using a magnetic stirrer. After 72 hours, washing
was carried out 4 times at 10 OO0 rpm for 30 minutes at
+4°C with ethanol. After washing, the pellet was dissolved
in CTAB (Cetyldimethylethyl Ammonium Bromide) at
2 uM concentration. The obtained CaP nanoparticles were
stored at —20°C for lyophilization.

Calcium phosphate nanoparticles were coated with OA to
enhance their surface properties. The lyophilized nanopar-
ticles were resuspended in an appropriate solvent and
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subjected to ultrasonication for homogeneous disper-
sion. A 15.85 mM OA solution was added dropwise to the
nanoparticle suspension, and the mixture was stirred at 600
rom for 24 hours at room temperature to facilitate coating.
After the coating process, the suspension was centrifuged
at 10 000 rpm for 30 minutes at +4°C, followed by the
removal of the supernatant. Excess OA was removed by
washing the precipitate twice with absolute ethanol. After
the washing steps, the nanoparticles were redispersed and
ultrasonicated for 5 minutes to ensure homogeneity. The
OA-coated CaP nanoparticles were stored at —20°C for
further characterization and applications.

The oleic OA-CaP nanoparticles’ particle size and sur-
face charge were measured using the Zeta Sizer (Malvern
3000 HSA, UK). Scanning electron microscopy (SEM,
Zeiss EVO® LS 10) and ZetaSizer (Malvern, NanoZS)
were employed to analyze their physicochemical prop-
erties. Stock nanoparticle solutions were prepared at a
concentration of 100 ug/mL in distilled water for the mea-
surements of zeta potential and particle size. These mea-
surements were performed at 25°C using Dynamic Light
Scattering (DLS) by the ZetaSizer (Malvern, NanoZS)."
For morphological analysis, a thin gold/palladium (Au/
Pd) coating was applied to the CaP nanoparticles, and
imaging was conducted at varying magnifications using
the SEM (Zeiss EVO® LS 10).® Additionally, the functional
groups and chemical bonds present in the nanoparticles
were identified through Fourier Transform Infrared (FT-IR)
Spectroscopy.’®

In Vitro Cytotoxicity Evaluation

The in vitro cytotoxicity of the synthesized and character-
ized calcium phosphate nanoparticles was assessed using
the MTT (3-(4,5-dimethylthiazol-2-y)-2,5-diphenyltetra-
zolium bromide) assay.” The MTT assay aimed to evalu-
ate the cytotoxicity of the synthesized OA-coated calcium
phosphate nanoparticles on L929 mouse fibroblast cells.
The nanoparticle suspensions were sterilized by filtra-
tion through 0.22 um syringe filters under aseptic condi-
tions prior to biological assays. L929 fibroblast cells were
seeded into a 96-well plate at a density of 1 x 106 cells/well
for the analysis.The plate was incubated at 37°C under 5%
CO2 for 24 hours. After incubation, different concentra-
tions of OA-CaP nanoparticles were added to the wells.
A 50% DMSO solution was used as a positive control, and
DMEM-F12 medium was used as a negative control. L929
cells treated with different concentrations of OA-CaP
nanoparticles were incubated at 37°C in a 5% CO, envi-
ronment for 24 hours. Following incubation, the culture
medium was removed, and 5 mg/mL MTT solution (diluted
1/10 with DMEM) was added to each well and incubated
for 4 hours. At the end of the incubation period, the MTT
solution was removed, and the formed formazan crystals
were dissolved using DMSO(Dimethyl sulfoxide). Cell via-
bility was determined by measuring the absorbance at 570
nm using an ELISA reader (Thermo Scientific Multiskan
Go, USA).



Plasmid DNA / Nanoparticle Conjugate Preparation and
Characterization

Conjugates of plasmid DNA (pDNA) and OA-coated cal-
cium phosphate (OA-CaP) nanoparticles were prepared
by adding 1 ug of pDNA solution to 40 pL of OA-CaP solu-
tion (1 pg/pL) and incubating for 30 minutes. The DNA
purity was evaluated based on the 260/280 nm absor-
bance ratio and determined to be 1.87. The size and zeta
potential of pDNA-OA-CaP conjugates were determined
using a ZetaSizer (Malvern, NanoZS)."®

Transfection of L929 Fibroblast Cells

The day before transfection, 5 x 10° cells were seeded into
each well of a 6-well culture plate, and 2 mL of DMEM-F12
medium containing 10% FBS was added to each well. One
hour before transfection, the medium was replaced with
serum-free DMEM-F12. The OA coated calcium phosphate
nanoparticle-pDNA conjugate was prepared and incu-
bated for 1 hour at room temperature. The conjugates were
prepared in separate Eppendorf tubes for each well. The
predetermined amount of plasmid DNA was dissolved in
100 uL serum-free DMEM-F12 medium and added to the
tube. The appropriate amount of nanoparticles was then
added, and the tube was sealed and incubated at room
temperature. After incubation, the conjugate was used for
transfection. Transfected cells were incubated for 4 hours at
37°C and 5% CO2. After 4 hours, the medium was replaced
with DMEM-F12 containing serum. Transfection efficiency
was evaluated by GFP (Green Fluorescent Protein) expres-
sion. Luminescence in the transfected cells was observed
at 24, 48, and 72 hours using an inverted microscope with
a fluorescent attachment. Transfection efficiency was
determined by counting GFP-expressing cells in 3 different
regions of the plate using both phase contrast and fluo-
rescence microscopy, with 3 repetitions. The ratio of GFP-
positive cells to the total cell number was calculated.”®

Ethics Committee Statement

This study did not require approval from an Ethics
Committee as it did not involve human participants, human
data, or animal subjects.

RESULTS

Synthesis of Calcium Phosphate Nanoparticles and
Characterization

The mean particle size, zeta potential, and polydisper-
sity index (PDIl) of the CaP and OA-CaP nanoparticles
were determined using the Zetasizer device with the DLS
method. Polydispersity index indicates size distribution
heterogeneity and is dimensionless. For lipid-based carri-
ers, PDI should range between 0.05 and 0.7; values above
0.7 denote broad size distribution, making DLS analysis
unsuitable. In gene transfer studies, PDI must be below
0.72° The particle size and PDI of CaP were measured as
234.5+ 52 nm and O], respectively, while those of OA-CaP
were recorded as 1931 £ 12.7 nm and 0.3. The zeta poten-
tial values were determined as +12.8 = 1.3 mV for CaP and
+22.6 £ 2.7 mV for OA-CaP.

Trends Pharm. 2025; 2: 1-8.

The particle size of 234.5 (¥5.2) nm for CaP and 193.
(£12.7) nm for OA-CaP falls within an appropriate range for
gene delivery applications. Nanoparticles of this size can
enhance cellular uptake and facilitate endosomal escape,
crucial for efficient gene transfer. The zeta potential values
of +12.8 (#1.3) mV for CaP and +22.6 (£2.7) mV for OA-CaP
contribute to nanoparticle stability and interaction with
cell membranes. The positive surface charge promotes
electrostatic interactions with negatively charged cellular
surfaces, improving internalization efficiency.?’ The colloi-
dal stability of calcium phosphate nanoparticles depends
on their surface properties, and a zeta potential above +30
mV or below —30 mV is considered to ensure a stable dis-
persion.” Positively charged calcium phosphate nanoparti-
cles as nonviral vectors for DNA transfection, highlighting
their potential in cancer gene therapy due to improved cel-
lular uptake and transfection efficiency.?

The SEM images of CaP and OA-CaP nanoparticles reveal
distinct morphological characteristics. The CaP nanopar-
ticles (left image) exhibit an aggregated structure with
irregularly shaped particles, suggesting a tendency for
agglomeration (Figure 1). The high magnification pro-
vides a detailed view of the nanoscale features, indicat-
ing a relatively small particle size. In contrast, the OA-CaP
nanoparticles (right image) display a more dispersed and
porous morphology with smaller, well-distributed par-
ticles. Morphological analysis revealed that the nanopar-
ticles were spherical, well-separated, and well-dispersed.
Similarly, other research reported that calcium phosphate
nanoparticles exhibited comparable morphological char-
acteristics.?®* The increased dispersion observed in OA-CaP
could be attributed to the OA modification, which likely
enhances stability and reduces particle aggregation. These
structural differences play a crucial role in nanoparticle
behavior, influencing their colloidal stability, cellular inter-
actions, and potential applications in gene delivery.

Fourier Transform Infrared Spectroscopy (FTIR) spectra
of CaP and OA-CaP nanoparticles are presented in the
figure, demonstrating characteristic functional groups
(Figure 2). In the CaP spectrum, the presence of phos-
phate (PO,?®) stretching vibrations is observed around
1000 cm”, confirming the phosphate structure of the
nanoparticles. Additionally, the peaks corresponding to
C=0 and C-H stretching vibrations indicate the pres-
ence of organic components. In the OA-CaP spectrum,
a more pronounced C=0O stretching band is detected,
suggesting successful surface modification with OA. The
disappearance or shift of certain peaks in OA-CaP com-
pared to CaP further supports the interaction between
the calcium phosphate structure and OA. These spec-
tral differences confirm the successful functionalization
of CaP nanoparticles with OA, which may influence their
physicochemical properties and biological interactions.
Morejon et al** have used FTIR analysis to understand
the surface modifications of calcium phosphate nanopar-
ticles, providing valuable information on their potential in
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Figure 1. Comparative scanning electron microscopy images of uncoated calcium phosphate (CaP) and oleic acid-coated CaP (OA-CaP)

nanoparticles.

scaffolds. According to the literature, the FT-IR spectrum
of OA typically exhibits a C=0 (carbonyl) stretching band
around 1700 cm™, C-H stretching vibrations in the 2800-
3000 cm™ range, and C-0O stretching vibrations between
1000 and 1300 cm™.?®> These characteristic bands are
evaluated to verify the chemical structure of OA in the
conducted analyses.

The physicochemical properties of the nanoparticles were
evaluated, including size, zeta potential, and PDI, and the
results reveal significant differences between the various
formulations (Table 1). Literature reports suggest that pure
calcium phosphate (CaP) nanoparticles typically have
sizes ranging from 100 nm to 300 nm with positive zeta
potentials due to the surface charge, which helps in pre-
venting aggregation and promoting stability in aqueous
environments.?® The CaP nanoparticles exhibited a size
of 2345 + 5.2 nm, a positive zeta potential of +12.8 + 1.3

mYV, and a low PDI of O], indicating a well-dispersed and
stable nanoparticle suspension. Studies have shown that
coating with OA decreases the zeta potential to more
moderate positive values, which is consistent with the
observed +22.6 £+ 2.7 mV for OA-CaP nanoparticles in this
study.?’?® This increase in zeta potential is typically due to
the OA’s hydrophobic interactions and enhanced surface
charge stabilization. In comparison, the OA-CaP nanopar-
ticles had a smaller size of 1931 £ 12.7 nm, a higher positive
zeta potential of +22.6 + 2.7 mV, and a slightly higher PDI
of 0.3, suggesting improved surface charge and stability
compared to the CaP nanoparticles. Upon incorporation
with pDNA, the size of the nanoparticles increased sig-
nificantly. For example, 10 uL OA-CaP/1 uL pDNA formula-
tion resulted in a size of 321.9 £ 20.7 nm with a negative
zeta potential of =11.3 + 1.8 mV and a PDI of 0.4, indicat-
ing successful complex formation but with increased size
and more heterogeneity. Further increasing the amount of

EHT = 7.00 KV WD = 9.0 mm

Figure 2. Identification of functional groups in oleic acid-modified calcium phosphate nanoparticles by Fourier transform infrared
spectroscopy.
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Table 1. Zeta Potentials of Calcium Phosphate and Oleic
Acid-Modified Calcium Phosphate Nanoparticles and pDNA/
Calcium Phosphate Conjugates

Zeta
Potentials  Polydispersity

Nanoparticles Size (nm) (mV) Index
CaP 2345+52 +128+13 01
OA-CaP 1931+127 +226+27 0.3
10 uL OA-CaP/ 3219+207 -13+18 0.4
1uL pDNA

20 uL OA-CaP/ 3395+631 -86z*14 0.3
1uL pDNA

30 uL OA-CaP/ 4297 +11.4 -12+0.3 0.4
1uL pDNA

40 uL OA-CaP/ 4637 +327 +131+16 0.2
1uL pDNA

OA-CaP in the formulations (20 uL, 30 yL, and 40 uL) led
to even larger sizes: 339.5 + 631 nm, 429.7 + 11.4 nm, and
463.7 £ 32.7 nm, respectively. The zeta potential for these
formulations became more negative (ranging from —-8.6 *
14 mV to =12 + 0.3 mV), with a trend toward increased
heterogeneity in the PDI values (ranging from 0.2 to 0.4).
The increase in size and the shift in surface charge indi-
cate that the complexation of pDNA with OA-CaP signifi-
cantly alters the particle properties, which may influence
the efficiency of gene delivery and stability of the formula-
tion. Oleic acid, a monounsaturated fatty acid, possesses
a carboxyl group that can interact with the surface of
calcium phosphate, thereby increasing the surface nega-
tive charge due to its deprotonated state at physiological
pH. The results indicate that the conjugation with pDNA
increases the nanoparticle size while changes in the zeta
potential and the increase in PDI provide important insight
into optimizing the carrier system’s effectiveness for gene
transfer applications, demonstrating that pDNA conju-
gates can serve as suitable carrier systems for successful
gene therapy.

The effect of OA-CaP concentrations on cell viabil-
ity was evaluated based on the results of treatment
groups at different concentrations (Figure 3). According
to the results, the group treated with 10 ug/uL OA-CaP
showed a cell viability of 97.33% (£2.39), while 20 ug/uL
and 30 ug/uL OA-CaP concentrations resulted in cell
viabilities of 94.79% (+3.57) and 92.44% (£1.55), respec-
tively. These results indicate that OA-CaP treatment has
a minimal effect on cell viability at low concentrations.
However, in the group treated with 40 pg/uL OA-CaP, cell
viability decreased to 86.64% (£1.35), and in the 50 ug/uL
OA-CaP-treated group, it decreased to 78.25% (+2.32),
suggesting that higher concentrations negatively impact
cell health. The negative control group showed a cell via-
bility of 100.24% (+1.76), while the positive control group
recorded a viability of 4.92% (£0.33). These data suggest
that OA-CaP may affect cell viability at certain concentra-
tions, and toxic effects are more pronounced at higher
concentrations.

Figure 3. Effect of oleic acid-modified calcium phosphate
concentration on L929 fibroblast viability determined by

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

assay.

In the literature, several studies have reported that calcium
phosphate nanoparticles (CaP NPs) are generally consid-
ered non-toxic to cells or exhibit only low cytotoxicity at
certain concentrations.?® These nanoparticles have shown
excellent biocompatibility and are widely used in biomedi-
cal applications such as drug delivery and tissue engineer-
ing. However, some studies suggest that when calcium
phosphate nanoparticles are modified or combined with
certain additives, their toxicity can increase. For instance,
CaP nanoparticles prepared with silver or ammonium addi-
tives have been shown to exhibit significantly higher cyto-
toxicity compared to pure CaP nanoparticles. This increase
in toxicity is often attributed to the additional properties
introduced by these additives, such as the antimicro-
bial activity of silver or the increased surface reactivity
of ammonium-modified nanoparticles, which can lead to
greater cellular interaction and potentially harmful effects
on cell viability.*° Thus, while CaP nanoparticles are typically
well-tolerated by cells, their toxicity can vary depending
on their preparation methods and surface modifications,
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Figure 4. Transfection images of L929 Cells with OA-CaP/pDNA and naked pDNA. Transfected cells with OA-CaP/pDNA. (A): 24th hour, 10x

Phase Contrast. (B): 24th hour, 10x Fluorescent. (C): 48th hour, 10x Phase Contrast. (D): 48th hour, 10x Fluorescent. (E): 72nd hour, 10x Phase
Contrast. (F): 72nd hour, 10x Fluorescent. Transfected cells with naked pDNA. (G): 24th hour, 10x Phase Contrast. (H): 24th hour, 10x Fluorescent.

making it crucial to carefully control their composition and
concentration for safe use in biomedical applications.

This study evaluated the condition of L929 cells after trans-
fection with OA-CaP/pDNA and naked pDNA at 24, 48, and
72-hour intervals using phase-contrast and fluorescence
microscopy (Figure 4). A distinct green fluorescence sig-
nal was observed in cells transfected with OA-CaP/pDNA
(B, D, F), indicating successful gene expression. The fluo-
rescence signal, which began at 24 hours with a transfec-
tion efficiency of 22.24% + 20.13%, intensified at 48 hours
(54.86% + 32.86%) and reached its highest level at 72 hours
(72.43% + 36.57%). In contrast, no significant fluorescence
signal was detected in cells transfected with naked pDNA
(H), demonstrating the crucial role of the OA-CaP carrier in
gene transfer. Phase-contrast images (A, C, E, G) revealed
that cell morphology was preserved after transfection, but
increased cellular proliferation was observed in cells trans-
fected with OA-CaP/pDNA. These findings support that
OA-CaP is an effective carrier system that enhances pDNA
transfection efficiency.

The results of this study align with previous research dem-
onstrating the effectiveness of calcium phosphate-based
nanoparticle carriers in enhancing gene delivery. Several
studies have shown that calcium phosphate nanopar-
ticles, when used as carriers, significantly improve the
transfection efficiency of plasmid DNA (pDNA) com-
pared to naked pDNA.*32 The green fluorescence signal
observed in cells transfected with OA-CaP/pDNA in this
study is consistent with previous findings, where cal-
cium phosphate nanoparticles were reported to facilitate
successful gene expression and increased transfection
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efficiency over time.*®* The gradual increase in transfec-
tion efficiency, from 22.24% at 24 hours to 72.43% at 72
hours, mirrors the typical behavior of nanoparticle-based
systems, where enhanced gene expression is observed
as the particles facilitate the release and uptake of the
pDNA into cells.”® Furthermore, the preservation of cell
morphology and the observed increase in cellular prolif-
eration in the OA-CaP/pDNA group supports the biocom-
patibility of the system, which has been similarly reported
for other calcium phosphate nanoparticle systems. 343>
Overall, these findings highlight that OA-CaP nanopar-
ticles serve as an efficient and biocompatible carrier sys-
tem for gene delivery, enhancing transfection efficiency
without compromising cell viability, as indicated in the
existing literature.

DISCUSSION

This study demonstrated that OA-CaP nanoparticles signif-
icantly enhance pDNA transfection efficiency in L929 cells
compared to naked pDNA. Physicochemical characteriza-
tion of OA-CaP revealed favorable particle size, surface
charge, and stability properties, making it a suitable carrier
for gene delivery applications. The DLS and zeta poten-
tial analyses confirmed the successful functionalization of
CaP with OA, which contributed to improved dispersion
and reduced aggregation. The SEM images further sup-
ported these findings by showing a more homogeneous
and porous morphology in OA-CaP compared to CaP.

The MTT assay results demonstrated that OA-CaP main-
tains high cell viability at lower concentrations, but cyto-
toxic effects become evident at higher doses, emphasizing



the importance of optimizing nanoparticle concentration
for safe and effective gene delivery. The observed trends
in nanoparticle size, zeta potential, and transfection effi-
ciency suggest that OA-CaP forms stable and effective
PDNA complexes, leading to enhanced gene transfer
efficiency.

Fluorescence microscopy analysis of transfected cells
indicated that OA-CaP-mediated gene delivery resulted
in significantly higher gene expression, with transfection
efficiencies increasing from 22.24% + 2013% at 24 hours
to 72.43% + 36.57% at 72 hours. In contrast, naked pDNA
showed minimal transfection efficiency, highlighting the
crucial role of OA-CaP in facilitating cellular uptake and
gene expression. Moreover, phase-contrast microscopy
revealed that OA-CaP/pDNA transfection preserved cell
morphology while promoting cellular proliferation.

Overall, these findings confirm that OA-CaP is a promising
gene delivery vector with high transfection efficiency and
minimal cytotoxicity at optimized concentrations. Future
studies should focus on in vivo evaluations to further
establish its potential for therapeutic applications.
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