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ABSTRACT

Aim: To optimize the production process of cationic solid lipid nanoparticles (SLNs) using statistical
experimental design methods and response surface methodology, and to develop an effective carrier system
capable of overcoming biological barriers.

Methods: Screening and optimization of formulations were performed using Central Composite design, Box—
Behnken design, and Taguchi design. Subsequently, the physicochemical properties of SLNs were
characterized. The optimal SLN formulation was evaluated in terms of plasmid DNA complexation capacity,
transfection efficiency, nuclease protection potential, cytotoxicity profile, and storage stability.

Results: Response surface analyses demonstrated that the Box—Behnken model was significant for particle
size and zeta potential. The interactions among the independent variables were determined, and optimization
was performed using second-order polynomial equations. The optimal formulations were found to be
nanosized, positively charged, and exhibited low polydispersity index (PDI) values, indicating a monodisperse
structure. The cytotoxicity of the optimal formulation was found acceptable for further studies.

Conclusion: This study demonstrated that factorial design and response surface methodology are effective
approaches for developing cationic solid nanoparticle-based gene delivery systems. The optimized
formulations obtained herein are considered promising candidates for safe, stable, and efficient gene delivery.

Keywords: Solid lipid nanoparticles, experimental design, central composite design, box—behnken design,
transfection.
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delivery system capable of safely and

1. Introduction efficiently transporting genetic material into
target cells [2]. Such a system should protect

According to the United States Food and the genetic cargo from lysosomal degradation
Drug Administration (FDA), gene therapy aims following cellular uptake via endocytosis and
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enable it to overcome biological barriers,
including the nuclear membrane [3]. In

the be
safeguarded against environmental conditions,

addition, genetic material must
such as pH fluctuations, temperature variations,
and redox reactions [4-7].

Currently, gene delivery methods are
broadly classified into two main categories:
viral and non-viral systems. Commonly used
viral vectors include adenoviruses, adeno-
associated viruses, lentiviruses, and
retroviruses. Non-viral approaches encompass
inorganic particles (such as calcium phosphate,
silica, gold, and magnetic particles), synthetic
or natural biodegradable carriers (including
polymeric, cationic lipid, and peptide-based
vectors) (Figure. 1), and physical methods such
as needle injection, ballistic DNA delivery,
electroporation, sonoporation, photoporation,
magnetofection, and hydroporation [8—10].
Although viral systems are frequently preferred
in clinical studies, their disadvantages, such as
high immunogenicity, the risk of genomic
integration, and limited gene-carrying capacity,
have led to an increasing interest in alternative
delivery strategies [11-13].

Among non-viral delivery systems, solid
lipid nanoparticles (SLNs) are non-toxic carrier
systems composed of biocompatible lipids and
stabilized with surfactants [14]. SLNs exhibit

high
genetic

including
of
material, controlled release capability, low

several advantages,

biocompatibility,  protection
immunogenicity, and ease of production [15].

Furthermore, they are preferred in gene
delivery systems because of their large surface
area, small particle size, and suitability for
large-scale production [12,16]. SLNs can be
produced using various techniques, including
high-pressure homogenization, ultrasonication,
solvent emulsification, and microemulsion-

based methods [17-19].
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Figure 1. General structure of solid lipid

nanoparticles (SLNs). Figures were created using
Biorender.com.

The SLN formulations were designed to
have a positive surface charge to enable
efficient complexation with genetic material.
To
dimethyldioctadecylammonium

impart a cationic character,

bromide
(DDAB) was incorporated as the cationic lipid
component. Cetyl palmitate was selected as the
solid lipid, serving as the matrix lipid
responsible for forming the solid lipid core of
the nanoparticles. Kolliphor HS15 (Macrogol
15 hydroxystearate) was used as the surfactant,
while ethanol was employed as the co-
surfactant due to its low toxicity and favorable
biocompatibility profile.

Parameters, such as lipid type, cationic
component ratio, surfactant concentration, and
production method, used in SLN preparation
directly influence formulation characteristics.
This results in a wide experimental variable
space and necessitates a  systematic
optimization approach [20]. In this context,
statistical experimental design methods are
the

relationships between independent variables

effectively employed to evaluate
and response parameters. Factorial design and
response surface methodology (RSM) enable
the acquisition of maximum information with a
minimum number of experiments, thereby
saving time and cost. The Box—Behnken (BB)
design is an efficient statistical approach that

allows the construction of high-order response
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Design Method

Required Experimental Data Points

Full factorial design

27 points

Box—Behnken design

13 points (52% reduction in analysis time)

Central composite design

15 points (44% reduction in analysis time)

Figure 2. Example of comparison between Box—Behnken Design (a) and Central Composite Design (b).

surfaces with fewer experimental runs. This

design  strategy  facilitates =~ modeling,
optimization, and prediction of formulations
with desired properties [21,22]. The Central
Composite (CC) design is an integral part of
response surface methodology that enables
precise optimization and the construction of
quadratic models without requiring three-level
factorial designs. It is particularly suitable for
sequential experiments, as axial and center
points can be added to extend previous factorial
studies [23]. The Taguchi (T) design is a type
of fractional factorial design that employs
orthogonal arrays to evaluate the effects of
multiple factors on a response using a reduced
number of experimental runs. It enables
efficient analysis of parameter influences on
process performance by examining selected
factor combinations rather than testing all
possible combinations [24].

The Box—Behnken design enables high-
accuracy optimization with a relatively low
number of experiments by evaluating factors
within a narrow and safe experimental domain.
In contrast, the Central Composite design
incorporates both axial and center points,
allowing a broader experimental range and
more detailed response characterization, albeit
at the expense of increased experimental runs.

The Taguchi design is a cost-effective and
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robust approach that is particularly resistant to
noise factors; however, its ability to evaluate
interaction effects remains limited. While the
Box—Behnken and Central Composite designs
are typically conducted at three levels, Taguchi
designs are most based on two-level factor
settings. Orthogonality, a key principle in the
the
independent estimation of factor effects without

Taguchi  methodology, refers to
confounding. Additionally, the Monte Carlo
method is a powerful statistical simulation
approach based on random sampling and
repeated iterations and is widely used to model
complex systems and quantify uncertainty with
high reliability (Figure 2).

In this study, different statistical methods
were compared to screen microemulsion
components and optimize SLN formulations
using experimental design (DoE) models. In
addition, the complexes formed between the
optimized SLN formulations and plasmid DNA
were evaluated in terms of their nuclease
protection capacity, cytotoxicity profile,
transfection efficiency, and storage stability.
this  study

demonstrate the effectiveness of statistical

Accordingly, aimed to
optimization approaches in the development of
gene delivery systems and to establish safe,
stable, and lipid-based carrier systems with

high transfection efficiency.
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2. Materials and methods

The pcDNA3-EGFP
encoding EGFP was obtained from Addgene, a
non-profit plasmid repository (Addgene
plasmid No. 13031; RRID: Addgene 13031).
Dimethyldioctadecylammonium bromide
(DDAB) was purchased from Sigma-Aldrich
(USA). DC Macrogol (15)-
hydroxystearate  (Kolliphor =~ HS15) was
obtained from BASF SE (Germany). The
mouse fibroblast cell line (L929) and the human
embryonic kidney cell line (HEK293T) were
purchased from ATCC (USA). Ethanol (EtOH)
was supplied by Merck KGaA (Germany).

plasmid  vector

Co. Inc.

Sodium dodecyl sulfate (SDS) was supplied by
Sigma-Aldrich Co. Inc. (USA). The Alamar
Blue cell viability assay kit was obtained from
Thermo Fisher Scientific (USA). All other
chemicals were of analytical grade and used
without further purification. Ultrapure water
was used throughout all experimental
procedures.

2.1. Nanoparticle preparation: Cationic
solid lipid nanoparticles were prepared using
the microemulsion dilution method. Unlike
conventional microemulsion systems, which
form spontaneously without external energy
input, these

systems were processed at

temperatures above the melting point of the

lipid because of the involvement of solid lipids
[25,26].

DDAB and cetyl palmitate were used as the
Kolliphor® HSI15 as the
surfactant, ethanol as the co-surfactant, and

lipid phases,

ultrapure water as the aqueous phase. The
formulation components were selected based
on preliminary studies and experimental design
results and were combined in a test tube. The
tube was then placed in a water bath at 74 °C
and maintained until a clear and transparent
microemulsion was formed. The resulting oil-
(o/w)
subsequently diluted at a ratio of 1:10 (v/v) in

in-water microemulsion was
cold ultrapure water (0-2°C) under vigorous
stirring. SLNs were obtained by rapidly
solidifying microemulsion droplets in a cold
environment.

2.2. Experimental design: The screening
and optimization of SLN formulations were
conducted using factorial experimental designs
involving three factors at three levels and three
different strategies  [27]. The
independent  variables

design
included  lipid
concentration (3% and 5%), total surfactant/co-
surfactant ratio (5% and 15%), and lipid-to-
cationic lipid ratio (1:0,25, w/w) (Table 1).
These parameters were selected as they

constitute the key components of the pseudo-

Table 1. Independent and dependent variables used in the experimental design for optimal SLN production.

Variables Level of variables

Independent variables Low Level (-1) High Level (1)
A Lipid (%) 3% 5%

B Cationic lipid to lipid ratio (w/w) 0.25 1

C Surfactant + Co-Surfactant (w/w) (%) 5% 15%
Dependent variables goals Goals

Y1 Particle Size (nm) Minimize

Y2 PDI Minimize

Y3 Transfection Efficacy Maximize
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that
microemulsion formation. The experimental

ternary  phase  diagram governs
design matrix was generated using Minitab 22
software based on preliminary studies and
literature data.

A total of 15 formulations, including three
center-point replicates, corresponding to 12
different compositions, were established using
the Particle

polydispersity index (PDI), and transfection

Box—Behnken design. size,

efficiency were selected as the dependent
variables and were measured using dynamic

light scattering (DLS) and fluorescence
microscopy. To ensure objectivity in the
absence of flow cytometry, transfection

efficiency was evaluated semi-quantitatively

using a  standardized  blinded-scoring

all
obtained from

fluorescence
the
independently

methodology.  Briefly,

microscopy  images

experimental runs  were
examined by two blinded researchers who were
completely unaware of the formulation codes or
compositions. The observers evaluated the
images using a predetermined scoring matrix
ranging from 0 to 4:

0: No detectable GFP signal, 1: Very weak or
2: Moderate GFP

expression in scattered cells, 3: Strong GFP

rare GFP expression,

expression in a significant portion of the cell
and 4: Highly
widespread GFP fluorescence.

intense and
The final
to

population,
Score' each
for the
(RSM)
calculated as the mean of the independent

"Transfection assigned

formulation response  surface

methodology optimization  was
scores provided by these two blind observers.
This

quantitative dataset for statistical software to

approach provided a robust, semi-
optimize the formulations.

Using the Central Composite design, 15
experimental runs, including six center-point
15 different

replicates, corresponding to
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compositions, were determined. Particle size,
PDI, and transfection efficiency were selected
as the response variable. Using the Taguchi
design, a total of 15 experimental runs
representing eight different compositions were
generated. Although 15 experimental runs were
performed, only the eight unique formulation
compositions are presented in the table, while

replicate runs were averaged and therefore not

listed separately. Particle size, PDI, and
transfection efficiency were selected as
response  variables. During  response
optimization, homogeneous particle

distribution was targeted by minimizing the
particle size and PDI values. The experimental

of
and a second order

results were evaluated using analysis
variance (ANOVA),
(quadratic) model was selected in accordance
with the Box—Behnken design.

Within the framework of the response
surface methodology, the p-value, F-value,
coefficient of determination (R?), and adjusted
coefficient of determination (R*adj) were
statistically analyzed. Based on the obtained
data, second-order polynomial equations were
constructed, model adequacy was assessed, and
three-dimensional surface plots were examined
to interpret the optimization outcomes.

2.3. Agarose gel retardation assay, SDS-
induced release, and DNase I protection
studies: An agarose gel retardation assay was
performed to determine the complexation
capacity of the optimized SLN formulations
with pcDNA3-EGFP [28]. In this context, the
optimal formulations obtained using the Box—
Behnken and central composite designs were
complexed with a fixed concentration of
pcDNA3-EGFP (100 pg/mL, 2 pL per well) at
SLN To
reproducibility and clarity,

increasing amounts. ensure
the

complexation ratios are expressed as N/P ratios

scientific

(the molar ratio of nitrogen in the cationic lipid
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DDAB to phosphate in the pDNA). The
complexes were prepared at N/P ratios of
approximately 1.2, 3, 6, 12, 18, 24, and 30.
Complex formation was achieved by mixing
increasing amounts of SLNs with pcDNA3-
EGFP
temperature for 30 min, allowing electrostatic

under gentle shaking at room
interactions between the positively charged
SLNs and the negatively charged pcDNA3-
EGFP [26,29].

SDS-induced release studies were conducted
to investigate the release capacity of plasmid
DNA following complex formation [30,31].
Agarose gel electrophoresis analysis was
performed following the addition of 12% SDS
ata 1% (w/v) ratio. Accordingly, 12% SDS was
added to the prepared complexes, and agarose
gel electrophoresis was performed to evaluate
the bands corresponding to the released
pcDNA3-EGFP.  The of DNA

dissociation from the complexes in the presence

extent

of SDS was considered an indicator of the
intracellular release potential of the carrier
system.

To determine the protective properties of the
DNase 1
performed.

complexes against nucleases,
protection assays
SLN:pcDNA3-EGFP complexes were
incubated with DNase I enzyme (1 1U/2.5 pg
DNA) at 37 °C for 30 min. Following
incubation, 12% SDS was added to dissociate

the complexes, and the released DNA was

WwWEre

analyzed using agarose gel electrophoresis. The
resulting band profiles were used to assess the
protection capacity of the formulations against
serum nucleases [32].

All gel images were visualized using a UV
transilluminator and recorded using a digital
imaging system (Vilber Lourmat, France).

2.4. Physicochemical characterization for
freshly prepared SLNs: The particle size, PDI,
and zeta potential of SLNs and SLN:pcDNA3-
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EGFP complexes were measured using DLS
operating in a non-invasive backscattering
mode with the detector positioned at 173° (SZ-
100V2, Horiba Ltd., Japan). Particle size
measurements are reported as intensity-
weighted mean distributions. In the DLS
calculations, the refractive index of DDAB
(1.5260), the main component of the lipid
matrix, used. Measurements

was were

performed in triplicate using disposable
polystyrene microcuvettes.

The  morphology of SLNs and
SLN:pcDNA3-EGFP complexes was observed
via scanning electron microscopy (SEM; Carl
Zeiss 300VP, Germany). Sample preparation
involved drying the nanoparticles onto metal
stubs, followed by gold sputtering to a thickness
of 100 A using a coating system (Quorum Q150
Res, UK).

2.5. Cytotoxicity analysis: The in vitro
of  SLNs

complexes

cytotoxicity  profiles and
SLN:pcDNA3-EGFP

evaluated using the fibroblast cell line 1.929.

were

One day prior to the experiment, L929 cells
were seeded into 96-well plates at a density of
5 x 10? cells per well in 100 pL of culture
medium. After overnight incubation, the cells
were treated with increasing volumes of SLNs
and SLN:pcDNA3-EGFP complexes (20, 40,
80, 160, and 320 pL/mL per well) and
incubated for 24 and 48 h.

Cell viability was determined using the
Alamar Blue cell proliferation assay kit
(Thermo Fisher Scientific, USA), according to
the
fluorescence measurements were recorded

manufacturer’s instructions, and
using a microplate reader (Clariostar, BMG
Labtech).

2.6. Statistical analysis: All data analyses,
excluding those related to the experimental
design and Response Surface Methodology

(RSM) which were handled by Minitab 22
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software, were performed using GraphPad
Prism 8 software (GraphPad Software, Inc.,
USA). All quantitative experiments, including
dynamic light scattering (DLS) measurements
and cell viability assays, were performed using
at least three independent biological replicates
(n=3), with
comprising three technical replicates. Data are

each  biological replicate
presented as the mean + standard deviation
(SD).

Prior to utilizing parametric tests, the
assumption of data normality was evaluated
the Shapiro-Wilk the
homogeneity of variances was assessed. For the

using test, and
cytotoxicity analysis (Alamar Blue assay),
statistical comparisons across different doses
and time points (24 h and 48 h) were conducted
using a Two-Way Analysis of Variance
(ANOVA) followed by Tukey’s post-hoc
multiple comparisons test. Differences were
considered statistically significant at P < 0.05.
The specific statistical tests and sample sizes
for each experiment are further detailed in the

respective figure and table legends.

3. Results

Microemulsion composition is the primary
the
obtained using

factor determining
of SLNs

microemulsion dilution method.

physicochemical
the
this
approach, the first step in SLN production is the
of
microemulsions. One of the most commonly

properties
In

formation clear and transparent

used strategies to achieve transparent

identifying
appropriate composition point, which requires
the of
dependent variables and their corresponding

microemulsions involves an

determination independent and

responses.
Particle size is a critical parameter for SLN
Although

characterization. encapsulation
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efficiency is a relevant parameter for drug-
loaded SLNs, zeta potential represents a key
parameter for cationic SLNs designed to
establish electrostatic interactions with nucleic
acids on their surface.

In the pseudo-ternary phase diagrams
traditionally used to determine microemulsion
composition ratios, each vertex represents one
of the main components of the formulation. In
most cases, these correspond to the lipid phase,
aqueous phase, and combined fraction of
surfactant and cosurfactant, which are used to
obtain pseudo-ternary phase diagrams and
determine the microemulsion formation region
within these diagrams [33-35].

Subsequently, SLNs were produced using an
initial microemulsion formulation selected
from the central point or different regions
within this domain. However, regardless of the
size of the area, an infinite number of
alternative microemulsion formulations may
exist. Therefore, a reliable statistical evaluation
for determining the percentages of lipid,
surfactant, and co-surfactant 1is critical.
Accordingly, the lipid phase and the combined
fraction of surfactant and co-surfactant were
selected as independent formulation variables
(Table

considered a variable because defining the

1). The aqueous phase was not

percentages of lipid and total surfactant/co-
surfactant inherently determines the water
content, given that the total system equals
100%. Consequently, the solid lipid-to-cationic
lipid ratio within the lipid phase was chosen as
the third variable. Cationic lipid plays a pivotal
role in governing formulation charge, stability,
and electrostatic interactions with negatively
In light of these
considerations, as presented in Table 1, lipid
total
percentage, and cationic lipid-to-lipid ratio

charged nucleic acids.
percentage, surfactant/co-surfactant

were defined as the three independent variables.
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The corresponding responses were evaluated in
terms of particle size, PDI, and zeta potential.

The Box—Behnken the
evaluation of these variables with a reduced

design enables
number of experimental runs. While a three-
factor, three-level full factorial design requires
the testing of 3 = 27 different microemulsions,
optimization using the Box—Behnken approach
can be achieved with only 15 experiments,
including three replicated center points. The
resulting microemulsion compositions and their
corresponding response characterization values
are presented in Table 2.

Similarly, the CC design allows for the

efficient evaluation of the selected variables,
reducing the required number of experiments
from 27 (which would be required for a full 33
factorial design) to 20 experimental runs. These
20 runs correspond to 15 unique microemulsion
compositions, as the center points are replicated
six times to estimate experimental error. The
Taguchi design facilitates optimization with a
of runs,

with
The resulting microemulsion

limited number enabling a

comprehensive  analysis only 15
experiments.
compositions and their corresponding response
characterization values are presented in Tables

3 and 4.

Table 2. Formulation parameters and measured responses determined using the Box—Behnken design for SLN

production.
Formulation A B ¢ Y1 Y2 Y3
No Code Lipid | Cat.L/L | S+CoS |Particle Size (nm) PDI = S.D. Transfection
%) |[(ww) |(%) +S.D. Score

1 |BBI 3 0.25 10 543.30 £49.92 1.048+0.23 0.5

2 |BB2 5 0.25 10 1260.00 £663.00 0.698 +0.81 2

3 |BB3 3 1 10 498.45 £160.72 1.229 +0.13 3

4 |BB4 5 1 10 188.93 £6.57 0.436 +£0.09 3

5 |BBS 3 0.625 5 270.20 £74.69 0.785+0.06 2.5

6 |BB6 5 0.625 5 335.37 £28.29 0.780+0.10 3

7 |BB7 3 0.625 15 1232.80 £35.36 3.887 +£0.06 2.5

8 |BB8 5 0.625 15 243.35 +£15.06 1.082 +0.04 1.5

9 |BB9 4 0.25 5 265.85+67.17 0.823 £0.04 1.5

10 |BBI10 4 1 5 196.57 +36.73 0.584+0.04 2.5

11 |BBI1 4 0.25 15 195.60+43.42 1.025 £0.18 0.5

12 |BBI2 4 1 15 1154.15 £13.93 4.205 £0.02 3.5

13 |BBI13 4 0.625 10 186.10 £8.91 0.597 £0.03 2.5

14 |BBI14 4 0.625 10 373.30£31.11 0.858 £0.30 2.5

15 |BBI5 4 0.625 10 234.35+0.21 0.821 +0.02 2.5

Note: Particle size, PDI, and Zeta potential measurements represent the mean + SD of three independent measurements,

n=3. Transfection scores represent the mean semi-quantitative evaluation of two blinded independent observers.
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Table 3. Formulation parameters and measured responses determined using the Central Composite Design for SLN

production.

No Formulation Code A B C Y1 Y2 Y3

Lipid (%) Cat.L/L | S+CoS (%) | Particle Size PDI = S.D. Transfection
(w/w) (nm) £S.D. Score

1 CCl1 3 0.25 5 490.00+135.44 6.868 £6.63 0

2 cC2 5 0.25 5 249.07 £32.32 0.294 £0.12 1

3 CC3 3 1 5 244.97+8.35 0.432+0.02 1

4 CC4 5 1 5 753.50 £77.5 1.697 £0.44 0

5 CC5 3 0.25 15 531.37 £109.11 3.616 £3.04 1

6 CCo6 5 0.25 15 270.83 +42.08 0.954 +0.08 4

7 cc7 3 1 15 1250.70+175.1 3.678 £0.28 2

8 CC8 5 1 15 653.83+44.61 1.759 £0.25 3

9 CcC9 3 0.625 10 1070.80 £10.32 | 7.912 £3.15 0

10 CC10 5 0.625 10 115.10 £1.51 0.293 +0.03 2

11 CCl11 4 0.25 10 235.30 +5.60 0.545 +0.03 3

12 CC12 4 1 10 509.50 £56.84 0.825 +0.03 2

13 CC13 4 0.625 5 794.90 £84.43 1.066 £0.86 3

14 CCl14 4 0.625 15 1194.00 £38.33 | 2.144 £0.92 3

15 CCl15 (BB13, BB14. 4 0.625 10 1285,15 +4.31 4.638+0.331 4

BBIY5)

Note: The table lists the 15 unique formulation compositions derived from the matrix. To avoid redundancy, the 6
identical center-point replicates—which bring the total experimental runs to 20—are summarized and represented by
the single CC15 formulation line (Note: Particle size, PDI, and Zeta potential measurements represent the mean £ SD
of three independent measurements, n=3. Transfection scores represent the mean semi-quantitative evaluation of two
blinded independent observers.

Table 4. Formulation parameters and measured responses determined using the Taguchi design for SLN

production.
A B C Y1 Y2 Y3 Macroscopic Appearance (at 24h)
Formulation [, .4 [CatL/L|s+Cos |Particte si Transfecti
Code ipi at. o article Size PDI<SD. ransfection
(%) wiw) (%) (nm) £S.D. Score
1 T1 (CC1) 3 0.25 5 233.30 +43.84 1.138£0.65 |2 Clear / Opalescent/Turbid / Mild Precipitation
2 T2 (CC5) 3 0.25 15 538.85£263.54 [2.822+2.73 1 Clear / Opalescent/Severe Phase Separation
3 T3 (CC3) 3 1 5 163.55 £6.15 0.568+0.02 |2 Clear / Opalescent/Turbid / Phase Separation
4 T4 (CC7) 3 1 15 1028.40 £2.40 2.716+0.11 |2 Clear / Opalescent
5 T5 (CC2) 5 0.25 5 287.90+4.67 1.078 £0.05 |1 Clear / Opalescent/Turbid / Mild Precipitation
6 T6 (CC6) 5 0.25 15 1141.75+42.92  |3.345+0.26 |0 Clear / Opalescent/Severe Phase Separation
. T7 (CC4) 5 1 5 268.67 £39.29 0.656 £0.09 |2 Clear / Opalescent/Turbid / Phase Separation
8 T8 (CC8) 5 1 15 172.40 £65.76 0.660+0.18 |3 Clear / Opalescent

Particle size, PDI, and Zeta potential measurements represent the mean + SD of three independent measurements, n=3. Transfection
scores represent the mean semi-quantitative evaluation of two blinded independent observers.

184



Hortooglu et al. / Exp Biomed Res /2026, 9(3):176-201

Box-Behnken Response Surface Regression
analysis was performed using the values
presented in Table 2, and the resulting second-
order polynomial equations together with the
corresponding  statistical evaluations are
summarized in Table 5. According to the RSM
analysis, the model for particle size showed a
moderate fit to the experimental data (R? =
71.98%, p = 0.363), with an F-value of 1.43.
Although the R? value (71.98%) indicates a
moderate correlation between the predicted and
experimental such values

résponses, arc

frequently considered acceptable in
nanoparticle formulation studies due to the
inherent complexity of lipid-based systems,
where particle size is governed by multiple
interdependent physicochemical parameters,
lipid
interfacial phenomena, and nanoparticle self-

including crystallization dynamics,
assembly behavior. The inverse transformation
of the response (particle size ') was applied to
improve variance stability and minimize model
error. The polynomial equation indicated that
factor A (total lipid percentage) and the AxB
interaction (total lipid percentage—cationic
lipid/total lipid ratio) were the most influential
parameters affecting particle size.

The PDI model showed strong fit and
statistical significance (R*=0.9410, F =8.85, p
= 0.014), indicating that PDI was strongly
influenced by experimental factors. Increasing
total lipid content (A) increased PDI, whereas a
higher cationic lipid ratio (B) reduced PDI,
improving particle homogeneity, with a
negative AxB interaction further contributing
to lower PDI values.

The transfection efficiency model was also
statistically significant (R =92.57, F =6.92, p
= 0.023), with factor B showing the strongest
+7.17). However, the

negative B? and AXB terms suggest that

positive effect (B =

excessive cationic lipid content, particularly at
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higher lipid levels, may reduce transfection
efficiency.

the = Box-Behnken
demonstrated strong predictive performance

Overall, model
and statistical significance for PDI and
transfection efficiency (R* > 0.90, p < 0.05).
However, the model for particle size showed a
moderate fit and did not reach statistical

significance (p = 0.363). This lack of
significance can be attributed to the highly
complex and dynamic nature of the

microemulsion-to-SLN transition. During the
production process, the rapid dilution of the hot
into cold water

microemulsion triggers

instantaneous  lipid  crystallization  and
thermodynamic shifts. These rapid quenching
and phase-transition dynamics introduce
inherent non-linear variations in particle growth
that are difficult to entirely capture using
standard second-order polynomial equations.
Nevertheless, the particle size model was
retained in the optimization phase because it
provided crucial directional boundaries to
constrain the final formulation within the
desired nanometric range. Furthermore, the
overall multi-response optimization
(Composite Desirability) was primarily driven
by the highly robust PDI and transfection
efficiency models. By using the particle size
model as a boundary constraint, the significant
models successfully guided the design space
toward a stable, monodisperse, and highly
efficient cationic SLN formulation, confirming
Box-Behnken as a reliable optimization tool.
Central Composite response surface
regression analysis was performed using the
values presented in Table 3. The resulting
second-order and

polynomial equations

corresponding  statistical evaluations are

summarized in Table 6. The particle size model
showed a statistically significant fit (R* = 78.0,
F=3.94,p=0.022),

and a logarithmic
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Table 5. The fit of the Box-Behnken model and second order polynomial equations of the responses.

Regression analysis of variance
Response Regression equation in coded units
R? F-Value P-Value
Y1(-Particle size*-1)=0.0074 - 0.00651 A -
0.0001 B + 0.000462 C + 0.001215 A*A +
Particle Si 71.98% 1.43 0.363
artele Stee ’ 0.00290 B*B - 0.000000 C*C - 0.00289 A*B-
0.000201 A*C + 0.000743 B*C
Y2 (In (PDI))=0.51 +0.12 A - 0.41 B-0.165C
PDI 94.10% 8.85 0.014 +0.054 A*A -0.001 B*B+0.01882 C*C - 0.420
A*B-0.0636 A*C + 0.2340 B*C
. Y3=-4.56 + 1.50 A + 7.17 B + 0.196 C+ 0.000
Transfection
. 92.57% 6.92 0.023 A*A - 2.67 B*B - 0.00500 C*C - 1.000 A*B-
Efficiency
0.0750 A*C + 0.267 B*C

Table 6. The fit of the Central Composite model and second order polynomial equations of the responses.

Regression analysis of variance
Response Regression equation in coded units
R’ F-Value P-Value
Y1(In (Particle size))= 12.36 - 3.172 A - 1.36 B
Particle Size 78.0% 3.94 0.022 +0.091 C+0.414 A*A + 0.564 B*B + 0.00298
C*C-0.157 A*B - 0.0284 A*C + 0.0317 B*C
Y2 (-PDI*-0.5)=3.43-1.671 A-2.65B-0.0332
PDI 84.97% 6.28 0.004 C +0.1924 A*A +0.203 B*B - 0.00065 C*C +
0.082 A*B +0.0021 A*C +0.1123 B*C
Transfection Y3=-423+225A+3.58B+0.050 C-0.302
) 65.97% 2.15 0.14 A*A -4.66 B*B - 0.01209 C*C + 0.367 A*B +
Efficiency
0.0275 A*C + 0.207 B*C

transformation (In) was applied to improve
variance homogeneity and normality. Factors A
(total
lipid/total lipid ratio) exhibited negative effects

lipid percentage) and B (cationic

on particle size, suggesting reduced growth and
a more compact particle structure, whereas
positive A% and B? terms indicated a potential
reversal at higher levels.

The PDI model was highly significant (R* =
84.97, F = 6.28, p = 0.004), with a —PDI°-*
transformation applied to stabilize variance.
Both A and B negatively affected PDI,
indicating improved homogeneity = with
increasing levels, although positive quadratic
terms suggested a loss of this benefit at
excessive concentrations; the positive AxB
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interaction implied enhanced stability when
both factors were increased simultaneously.

In contrast, the transfection efficiency model
showed only a moderate fit and was not
statistically significant (R?=65.97, F =2.15, p
= (0.14), indicating limited predictive capacity.
Nevertheless,
positive effect, while the negative B? term

factor B had the strongest

suggested saturation or decline in efficiency at
high cationic lipid levels, and the positive AxB
interaction supported improved uptake when
lipid content and cationic ratio were jointly
optimized.

Overall, the CC design model showed strong
predictive performance for particle size and
PDI; however, it had limited accuracy for
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transfection efficiency, likely because of the
of
physicochemical

multifactorial and complex nature

transfection beyond
parameters, although it still provided valuable
quadratic models for formulation optimization.

Optimal SLN formulations for the Box—
Behnken and Central Composite designs were
generated using Minitab software by inputting
factor variables and response parameters in
accordance with the target criteria defined in
Table 1. The resulting optimal formulations are
presented in Table 7. Although the Taguchi
design provides a cost-effective and robust
approach for initial screening by utilizing
orthogonal arrays to reduce experimental runs,
it was excluded from the final optimization
phase of this study.

Preliminary experimental runs based on the
Taguchi matrix yielded a high rate of

formulations exhibiting macroscopic

instability. Specifically, visual inspection
within 24 hours of preparation revealed severe
turbidity and phase separation in runs T4 and
Te,

precipitation in runs T2 and TS8. These

followed by visible macroscopic
macroscopic failures directly correlate with the
exceptionally high particle sizes (>500 to

>1100 nm) and massive PDI values recorded

for these specific runs (Table 4). Because the
orthogonal arrays of the Taguchi design
evaluated parameters predominantly at extreme
boundary levels (avoiding the stabilizing
intermediate center points present in Box-
Behnken and Central Composite designs), it
the

thermodynamically unstable regions, leading to

forced microemulsion  system into
immediate lipid aggregation. More importantly,
from a statistical perspective, the Taguchi
method possesses a limited capacity to
thoroughly evaluate complex interaction effects
among continuous independent variables.
While this methodology is highly advantageous
for evaluating categorical variables or
identifying dominant main effects during early-
stage screening, it is not designed to generate
the high-order, continuous response surfaces
necessary for definitive, predictive
optimization. Consequently, the Box—Behnken
and Central Composite designs, which are
specifically tailored for advanced response
surface methodology, were prioritized to
accurately pinpoint the exact optimal ratios for
the final lipid nanoparticle formulations.

The optimal desired formulation component
ratios and predicted and actual experimental

values are listed in Table 8.

Table 7. Percentages and ratios of the components in the optimal formulations.

Method Lipid (%) L/Cat.L (w/w) S+CoS (%)
Box-Behnken 49191 0.87 5.9091
Central Composite 4.6767 0.8106 15
Table 8. Observed and predicted responses of the optimal formulation.
Formulation Data Type Particle Size | PDI = SD Transfection Zeta Potential
(nm) = SD Score £ SD (mV) £ SD

Opt. BB Predicted 184.00 0.419 2.927 -

Observed 210.34 £10.79 0.451+0.08 | 3.0 +27.03 £2.27
Opt. CC Predicted 255.00 0.280 3.804 -

Observed 275.07 £ 8.89 0.857+0.03 | 4.0 +12.77 + 2.89
Opt. BB:pcDNA3 Observed 214.10 £7.04 0.539+0.03 | - +25.83 £ 1.51
Opt. CC:pcDNA3 Observed 114.13 £3.58 0.422+0.03 | - +11.23 £0.38
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Both optimal formulations exhibited particle
sizes close to the target values; however,
complexity and particle size uniformity were
closer to the desired targets in the BB design.

The obtained findings indicate significant
differences in the physicochemical properties
of cationic solid lipid nanoparticle formulations
optimized using different DoE approaches. The
particle sizes of the optimal formulations
obtained via Box—Behnken and Central
Composite designs were determined to be
210.34 = 10.79 nm and 275.07 + 8.89 nm,
respectively. These results demonstrate that the
BB model

homogeneous particles. This outcome is likely

produces smaller and more

associated with the lower surfactant ratio
(5.9%) and more balanced cationic lipid/total
lipid ratio (0.87) applied in the Box-Behnken
design.

With respect to the PDI values, the Opt. BB
formulation (0.451 + 0.08) exhibited a narrower
size distribution, whereas the Opt. CC
formulation (0.857 + 0.03) showed a broader
particle size distribution. Notably, a marked
discrepancy was observed between the
predicted PDI (0.28) and the experimental
result (0.857) for the CC design. This deviation
that, although the CC model
mathematically identified an  optimum
formulation, it may not have fully captured the

suggests

nonlinear physicochemical phenomena
occurring at the axial points of the experimental
domain. In particular, processes such as
heterogeneous nucleation, surfactant saturation,
and dynamic micro-crystallization behavior
during nanoparticle self-assembly may have
to the wunexpectedly high
PDI The

experimental space explored in the Central

contributed

experimental value. broader

Composite design may also have amplified

nonlinear interactions among formulation

variables, thereby reducing predictive accuracy
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for particle size distribution homogeneity. The
high experimental PDI indicates a transition
toward a more polydisperse system, likely
promoted by the elevated surfactant levels in
the CC formulation during the rapid cooling
process. This difference may be attributed to the
higher surfactant ratio in the CC formulation,
which could enhance heterogeneous nucleation
during particle formation.

Overall, the BB-based optimal formulation
appears more favorable in terms of transfection
performance owing to its lower PDI and higher
positive surface charge. In contrast, although
the CC-based formulation offers an advantage
in terms of particle size, its lower surface
charge may limit DNA complex stability. These
findings highlight the importance of model
DoE
determining formulation performance.

selection  within approaches  for
Subsequently, the 3D surface plots generated
from the response surface regression analysis
PDI,

efficiency were examined. In conclusion, the

for particle size, and transfection
3D surface plot analyses indicate that the BB
design provides a more suitable optimization
strategy to produce monodisperse systems by
ensuring a more stable particle size distribution.
In contrast, the CC design appears to be a
valuable tool for evaluating the sensitivity of
the system across a wider experimental domain.
RSM enables the theoretical prediction of
optimal conditions for the desired responses
[21,22,36]. The
suggested mathematically were experimentally
The

component ratios, along with the predicted and

formulation components

determined. optimal  formulation
actual experimental values, are presented in
Table 7. The data obtained

predicted the responses in agreement with the

successfully

corresponding P values. The particle size and
PDI values of this formulation, coded as Opt-
SLN, were found to be very close to the
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After the
consistency between the optimized formulation

predicted values. confirming
values and the predicted values, the potential of
this optimal SLN formulation was further
evaluated in terms of gene delivery system
requirements.

These graphs illustrate how the statistical
software optimizes formulation variables
according to the predefined targets (Figure 3).
The composite desirability value (D) is a multi-
response optimization criterion that enables the
simultaneous optimization of multiple response
PDI,

transfection efficiency, and cell viability. In the

parameters, such as particle size,
graph, the optimized levels of the independent
variables are presented in the upper row,
whereas the predicted values of the responses
are shown in the left column.

In both models, an increase in the cationic
lipid ratio was identified as the dominant factor
contributing to the increase in particle size. In
the BB design, increasing the surfactant ratio
reduced the particle size within certain limits
and promoted a more homogeneous structure;
however, at higher cationic lipid levels, the
stabilizing effect of the surfactant became
insufficient, resulting in a marked increase in
particle size. In the CC design, elevated
surfactant concentrations led to particle size
under conditions,

enlargement specific

resulting in more complex parameter
interactions. Overall, the BB design provided a
more stable and advantageous profile for
particle size control, whereas the CC design
required more careful optimization.

PDI values exhibited sensitivity to variations
in formulation components. Maintaining a low
PDI is critical for ensuring a homogeneous
particle distribution, system stability, and
consistent cellular uptake. In the BB design,
moderate levels of total lipid and surfactant

resulted in more controlled and relatively lower
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PDI values, whereas an increase in the cationic
lipid ratio led to a marked increase in PDI. In
contrast, the CC design demonstrated a broader
of PDI with  high
heterogeneity certain
that
and

range variations,

observed under
This

of elevated

conditions. finding suggests

combinations surfactant

cationic lipid levels may complicate
distribution control. Overall, the BB model
provides a more stable and controlled particle
distribution profile, whereas the CC model
offers high performance potential under
optimized conditions but requires more careful
parameter management.

In the BB model, transfection efficiency
increased at moderate total lipid and cationic
lipid ratios, whereas higher surfactant levels led
to a reduction in efficiency. This effect may be
attributed to excessive surfactants interfering
with DNA complexation and impairing cell-
interactions. Moderate cationic
with

surfactant levels resulted in smaller particle

membrane
lipids  combined low-to-moderate
sizes and lower PDI, yielding more balanced
and reproducible transfection outcomes. In
contrast, the CC model exhibited a more
sensitive and fluctuating response to parameter
variations. Although highly cationic lipid and
surfactant combinations enhanced transfection
efficiency, the reduced dispersion stability
rendered the system more fragile.

Overall, the BB model provides a more
stable and biocompatible profile in achieving a
high transfection-low toxicity balance, whereas
the CC model offers higher performance
but
optimization.

potential requires more  careful

The particle size surface plot obtained from
the BB model indicates that the total lipid
percentage has a limited but regulatory effect
the primary

determining factor is the cationic lipid/total

on particle size, whereas
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Figure 3. Composite desirability optimization plots illustrating the effects of total lipid percentage, cationic
lipid/total lipid ratio, and surfactant percentage on transfection efficiency, PDI, and particle size for the Box—
Behnken (a) and Central Composite design (b) formulations.
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lipid ratio (Figure 4). The curvature of the
response surface suggests that beyond a certain
threshold, the increase in particle size reaches a
plateau, indicating a balance point. An increase
in surfactant concentration reduced particle size
by lowering the interfacial tension; however, at
higher surfactant levels, the opposite effect was
observed. This behavior may be attributed to
which
potentially promotes the formation of micelle-

excessive  surfactant  adsorption,
like secondary structures. This behavior may be
attributed to excessive surfactant absorption,
potentially promoting the formation of micelle-
like secondary structures.

The PDI surface plot obtained from the BB
model analysis of the interaction between total
lipid content and the cationic lipid/total lipid
ratio revealed that formulations containing
moderate lipid levels (4-5%) and a cationic
lipid ratio within the range of 0.5-0.7 exhibited
markedly lower PDI values (Fig. 4). This range
represents an optimal region in which the
viscosity increase associated with higher lipid
content and the aggregation tendency induced
by elevated cationic charge density are
minimized. Three-dimensional surface plots
further demonstrate that excessive increases in
the cationic lipid ratio (>1.0) result in elevated
PDI values, indicating increased heterogeneity
within the particle population. Additionally, at
a fixed surfactant level of 10 %, a balanced
region was observed in which sufficient surface
stabilization was achieved without evidence of
excessive surfactant adsorption. Additionally,
at a fixed 10% surfactant level, a balanced
region was observed in which sufficient surface
stabilization was achieved without evidence of
excessive surfactant adsorption.

The transfection efficiency surface plot
obtained from the BB model indicated that
transfection efficiency markedly increased with
increasing cationic lipid/total lipid ratios (Fig.
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4). However, beyond a certain threshold, this
increase reached a plateau, suggesting that
excessive positive charge may disrupt
membrane integrity and consequently limit
transfection performance. An increase in total
lipid content contributed to a more stable and
compact particle structure, supporting the
protection of the DNA complex. Nevertheless,
excessive lipid phase may have increased
viscosity and restricted diffusion. Three-
dimensional surface plots indicated that the
optimal transfection region was achieved at 4—
5% total lipid and a cationic lipid ratio between
0.6 and 0.9. At a fixed surfactant level of 10 %,
an appropriate surface balance was maintained,
whereas excess surfactant appeared to limit
DNA release or surface displacement.

The particle size surface plot obtained from
the CC model demonstrates that particle size
exhibits a broader response range to variations
in parameter combinations (Fig. 5). Notably,
under conditions of high total lipid content (4—
5%) and elevated cationic lipid ratios (>0.8),
pronounced increases were observed in the
response surfaces, with particle sizes reaching
600—-800 nm in certain regions. This finding
suggests that, due to the inclusion of extreme
experimental ranges in the CC design, the
system may exhibit a tendency toward phase
separation under boundary conditions.

The PDI surface plot obtained from the CC
model indicates sharper variations in PDI
values, reflecting greater sensitivity of the
system to formulation variables (Fig. 5). In
contrast, lower PDI regions were identified at
low surfactant levels (5—10 %) and moderate
lipid ratios. In contrast, lower PDI regions were
identified at low surfactant levels (5—10 %) and
moderate lipid ratios. In contrast, lower PDI
regions were identified at low surfactant levels
(5-10%) and moderate lipid ratios. These

variable response patterns observed in the CC
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design reflect its nonlinear nature and the
increased variability of system behavior across
a broader experimental domain.

The transfection efficiency surface plot
obtained from the CC model demonstrated that
transfection efficiency exhibited sharper and
more nonlinear responses to variations in
formulation parameters (Fig. 5). In particular,
combinations of high surfactant percentages
and elevated cationic lipid ratios resulted in
maximum transfection efficiency; however,
this region coincided with conditions of
reduced system stability, as indicated by higher
PDI values. This finding suggests that, within
the CC design,
create a trade-off between

high-variance parameter
combinations
enhanced efficiency and diminished stability.

After confirming the consistency between

the optimized and predicted formulation values,
the gene delivery potential of the optimal SLN
formulations was evaluated. Agarose gel
electrophoresis demonstrated that both the
optimized BB (Fig. 6a) and optimized CC (Fig.
6b) formulations formed complexes with
pcDNA3-EGFP.Consistent ~ with

studies, higher cationic lipid ratios resulted in

previous

the complete inhibition of plasmid migration,
highlighting the critical role of electrostatic

[37].
higher

binding in gene delivery systems

Consistent with previous studies,
cationic lipid ratios resulted in complete
inhibition of plasmid migration, highlighting
the critical role of electrostatic binding in gene
delivery systems [37]. For both formulations,
SLN: pcDNA3 demonstrated that the EGFP
complex

dissolved in the presence
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Figure 6. Agarose gel images. a) Complex formation ratios of SLN-Opt. BB:pcDNA3-EGFP, and b) Complex
formation ratios of SLN-Opt. CC:pcDNA3-EGFP. Lanes from left: 1, 1 kb DNA ladder as a molecular weight
marker; 2, naked plasmid DNA (200 ng/well); 3-9, SLN-Opt:pcDNA3-EGFP complexes prepared at
increasing N/P ratios (approximately 1.2, 3, 6, 12, 18, 24, and 30, respectively); and 10, SLN formulation only.
¢) SDS-induced release of SLN-Opt. BB:pcDNA3-EGFP complexes, and d) SDS-induced release of SLN-
Opt. CC:pcDNA3-EGFP complexes. Lanes 1-10 correspond to the same N/P ratios and controls as in panels
a and b. e) Enzymatic degradation of SLN-Opt. BB:pcDNA3-EGFP and f) Enzymatic degradation of SLN-
Opt. CC:pcDNA3-EGFP. Lanes from left to right: 1, 1 kb DNA ladder; 2, naked plasmid DNA; 3, naked
plasmid DNA + DNase I; 4-10, SLN-Opt:pcDNA3-EGFP complexes (N/P ratios 1.2 to 30) + DNase [; and
11, SLN formulation.

193



Hortooglu et al. / Exp Biomed Res /2026, 9(3):176-201

of SDS, and DNA was successfully released
(Fig. 6¢c-d). Following DNase I treatment (1
1U/2.5 ng pDNA), the samples were incubated
at 37°C for 30 mi. Agarose gel electrophoresis
confirmed that both the optimized BB- and CC-
based  KLN-pcDNA3-EGFP
provided partial protection of plasmid DNA
against nuclease degradation. While free
plasmid DNA was completely degraded,
detectable DNA bands in the
complexed samples, indicating that cationic

complexes

remained

lipid complexation effectively shields the
plasmid from enzymatic attack. In the BB opt.
formulation, the bands appear more distinct,
and sharper compared to the CC opt.
formulation; this indicates that the DNA is
more complex and protected from DNase I
(Figure 6e-f). Transfection studies were
conducted in human embryonic
kidney(HEK293T) cells using the enhanced

green fluorescent protein (EGFP) fusion protein

Phase-
Contrast

Opt. Box—Be};nk'en
DAPI

Opt. Box-Behnken
GFP

Opt. Box-Behnken

Figure 7. Phase-contrast, DAPI, and GFP fluorescence images of cells following transfection with the optimal

BB and CC formulations.
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located at the N-terminal region of the
pcDNA3-EGFP
DAPI, and GFP fluorescence images were

plasmid.  Phase-contrast,
obtained. Phase-contrast microscopy was used
to evaluate cell morphology and density, and
overall cellular integrity was preserved in both
7). DAPI
revealed clearly defined nuclei with intense

formulations (Figure staining
blue fluorescence, confirming the preservation
of nuclear integrity.

In addition, cell density was higher in the BB
formulation than in the CC formulation. GFP
250-500 pm)
demonstrated that the green fluorescence

imaging (field of view:

signal, representing transfection efficiency, was
more intense in the optimal formulation
obtained through BB design than in the optimal
The
fluorescent signal emitted by GFP is considered

CC formulation. intracellular green,
a direct indicator of gene expression levels and

transfection efficiency.

|
-
e

Opt. Central Composite

Opt. Central Composite

Opt. Central Composite
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Phase-contrast microscopy images indicated
that the overall morphology of cells treated with
both formulations was largely preserved, with
no significant disruption of cytoplasmic
integrity. However, a slight reduction in cell
density was observed in the CC formulation
group. This finding suggests that the higher
cationic lipid content in the CC formulation
may induce transient membrane stress or
increased permeability. In contrast, cells treated

with the BB formulation exhibited a more

homogeneous  distribution  and  better
preservation of morphological integrity,
indicating a more cell-friendly lipid

composition.

DAPI staining clearly defined nuclei in both
with blue
fluorescence confirming the preservation of

formulation  groups, intense
nuclear integrity. The absence of notable signal
dispersion or fragmentation suggests that
neither system caused direct nuclear damage
during DNA delivery. Nevertheless, the slightly
lower DAPI

compared to that in the BB group is consistent

intensity in the CC group

with the partial cytotoxicity observed in cell
viability analyses.

GFP images, representing gene expression
detectable
fluorescence signals in both groups. However,

levels,  demonstrated green
the BB formulation showed stronger and more
uniformly distributed GFP expressions. In
contrast, the CC formulation exhibited fewer
GFP-positive cells and a less uniform signal
distribution. This observation suggests that
although higher surfactant and cationic lipid
levels in the CC system may enhance short-
term uptake, they may adversely affect long-
term cellular stability. It has been reported that
the transfection efficiency of cationic lipid
nanoparticles is directly related to surface
charge density, particle size, and the surfactant
balance ratio [38]. The findings obtained in this
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study further support that a well-balanced lipid-
to-surfactant ratio represents an ideal parameter
combination that enhances gene delivery
efficiency while preserving cell viability.
Overall, when interpreted alongside
quantitative data, the microscopic findings
indicate that BB optimization provides a more
between  formulation

balanced  profile

efficiency and cellular biocompatibility.
Although the CC formulation may offer higher
it exhibits

increased risk of cellular stress under prolonged

gene expression potential, an
exposure conditions.

Cytotoxicity test was evaluated at L929 cells
(mouse fibroblast cell line) with increasing
amount of SLN-Opt. BB and SLN-Opt.CC.
Cell viability—dose profiles obtained after 24
and 48 h are presented in Figure 8a for the
optimal BB formulation and in Figure 8b for the
optimal CC formulation.

For the BB formulation, cell viability
remained at approximately 90% at the lowest
dose (1 pL/well) after 24 h; however, viability
decreased markedly with increasing dose,
reaching 30-40% at 8-16 pL. Interestingly,
after 48 h, a partial recovery in cell viability was
observed at low and moderate doses (55-65%).
In particular, the increase in cell viability
observed at 48 hours in the BB formulation may
be attributed to the natural proliferation of cells
that survived the initial exposure period. While
the
metabolic stress or alterations in membrane

nanoparticles may induce transient
permeability within the first 24 hours, the
surviving cell population appears to remain
mitotically active. As effective nanoparticle
concentration per cell decreases over time
through cellular uptake and potential
degradation, these resilient cells can resume
their normal division cycles, ultimately leading
to an overall increase in the metabolic signal.

These findings suggest that the BB formulation,
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Figure 8. Viability percentages of L929 cells treated with increasing doses at 24 and 48 h after (a) SLN-Opt.
BB treatment and (b) SLN-Opt. CC treatment. Data are presented as mean = SD of three independent
experiments (n=3), each performed in triplicate. Statistical significance was determined using Two-Way
ANOVA followed by Tukey's multiple comparisons test to evaluate the main effects of dose and time, as well

as their interaction.

characterized by a balanced lipid—surfactant
ratio, does not exert long-term suppressive
effects on the proliferative capacity of L929
fibroblasts, thereby supporting its favorable
biocompatibility profile. This may indicate that
the initial transient membrane stress or ionic
imbalance was gradually compensated by
cellular adaptation mechanisms, such as
regulation of endocytic activity and membrane
repair processes. Notably, at the 16 pL dose,
viability increased to 85% at 48 h, suggesting
that the BB formulation exhibits a relatively
high dose-tolerance threshold and favorable
biocompatibility [39]. The relatively lower
cationic charge content and balanced surfactant
ratio of this formulation may have contributed
to preserving membrane integrity.

In the CC formulation, a similar dose-
dependent decrease in viability was observed;
however, cytotoxic effects at higher doses (8—
16 pL) were more pronounced than those
observed in the BB formulation. After 24 h, cell
viability dropped below 20% at 8 uL and higher
doses, indicating that the higher cationic lipid
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content and surfactant percentage in the CC
formulation may induce membrane damage.
Nevertheless, partial recovery in viability at 48
h suggests that cells may adapt to nanoparticle
exposure over time,

potentially through

detoxification pathways or activation of
endosomal escape mechanisms. However, this
recovery was more limited than that observed
with the BB formulation.

Overall, these results demonstrate that the
BB-based formulation provides a safer
cytotoxicity profile owing to its more balanced
lipid The ability of this

formulation to maintain cell viability while

composition.
achieving high transfection performance
positions it within an optimal therapeutic index
range for gene delivery applications. In
contrast, although the CC formulation may
offer higher transfection potential, its increased
cationic lipid content results in a narrower
safety margin. Similar findings have been
reported in the literature, wherein highly
cationic

lipid-based nanoparticle systems

suppress cell viability in the short term, with
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Figure 9. SEM images of (a) SLN-Opt. BB and (b) SLN-Opt. CC formulations.

partial recovery occurring over time as cells
restore the ionic balance [40].

In conclusion, the BB formulation appears to
be a highly biocompatible system suitable for
long-term gene delivery applications, whereas
the CC formulation may be more appropriate
for short-term transfection strategies that
require higher efficacy.

Representative SEM images demonstrate
that the particle size and PDI results of the
SLN-Opt. BB and SLN-Opt.CC formulations
are consistent with DLS measurements (Figure
9). Both experimental design models provided
suitable formulation outcomes for cationic lipid
nanoparticles; however, from a morphological
the = Box—Behnken

supported a more homogeneous profile with

perspective, design
reduced agglomeration. These findings indicate
that
efficiency, such as particle distribution and

critical parameters for transfection
surface integrity, are significantly influenced
by the selection of the experimental design

approach.

4. Discussion

The optimization of cationic lipid-based
solid

enhancing transfection efficiency. For this

lipid nanoparticles was aimed at

purpose, Box—Behnken and Central Composite
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experimental ~ design  approaches  were
employed to optimize three key independent
variables: total lipid percentage, cationic
lipid/total lipid ratio, and surfactant percentage.
The obtained data were evaluated in terms of
both physicochemical properties (particle size
and PDI)

(transfection efficiency and cell viability), and

and Dbiological performance
the optimization capabilities of the two design
models were comparatively assessed.

The Box—Behnken design was found to
model the interactions among the independent
variables with sufficient precision and to
achieve high transfection efficiency with low
toxicity under optimal conditions. In contrast,
although the
demonstrated greater parameter sensitivity, it

Central Composite design
led to fluctuations in biological response
stability. The that the

formulation optimized using the BB approach

results revealed
exhibited a statistically significantly higher
transfection efficiency than that optimized by
the CC method. These findings indicate that the
choice of experimental design directly
influences optimization success.

Although both DOE approaches enabled the
systematic  optimization of formulation
parameters, the BB design provided more
stable,

outcomes.

reproducible, and biocompatible

Therefore, considering both
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modeling capability and biological
performance, the BB approach was identified as
the most suitable experimental strategy.

This study demonstrates that statistical
experimental design methodologies can be
reliably employed as rational optimization tools
in the development of gene delivery systems. In
particular, the Box—Behnken method showed
superior performance in terms of transfection
efficiency and biocompatibility for SLN
the

dimensional plot analyses provided by Minitab

formulations.  Furthermore, three-
software allowed for more precise monitoring
of component interactions by narrowing the
target center points, facilitating the
development of more specific formulations.
Overall, this study provides significant
contributions to both formulation science and
biotechnological applications by optimizing the
application potential of SLNs for gene delivery
through statistical design approaches. The
findings highlight that nanocarrier systems can
be

physicochemical and biological parameters,

holistically optimized by integrating
offering a methodological framework for future
gene therapy research.
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