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Genetically engineered immune cells hold great promise for treating immune-related diseases, but their devel-
opment is hindered by technical challenges, primarily related to nucleic acid delivery. Polyethylenimine (PEI) is
a cost-effective transfection agent, yet it requires significant optimization for effective T cell transfection. In this
study, we comprehensively fine-tuned the characteristics of PEI/DNA nanoparticles, culture conditions, cellular
physiology, and transfection protocols to enhance gene delivery into T cells. Gel retardation and dynamic light
scattering (DLS) analyses confirmed that PEI effectively bound to DNA, forming size- and charge-adjustable
particles based on the N/P ratio, which remained stable in RPMI 1640 medium for 3 days at 25°C. At an N/P
ratio of 8.0, these nanoparticles achieved an optimal transfection rate, which improved further with adjustments
in DNA dosage and complex volume. Additionally, increasing the cell seeding density and adding complete
media shortly after transfection significantly boosted PEI-mediated gene delivery. Notably, reversing the
transfection in vials resulted in a 20-fold increase in cellular uptake and transfection efficiency compared to the
conventional direct transfection method in culture plates. Finally, modifying cellular physiology with hypotonic
extracellular media at pH 9.0 dramatically enhanced transfection rates while maintaining minimal cytotoxicity.
These findings could reduce the cost and complexity of preparing engineered T cells, potentially accelerating the
development of immune cell therapies for human diseases.

1. Introduction

Recent efforts to combat immune-related diseases have led to the
emergence of immune cell therapies [1-3]. Some of these therapies are
FDA-approved for malignancies, with over 500 companies working on
their commercialization [4]. Engineered immune cells, such as Chimeric
Antigen Receptor (CAR) T-cells, have shown impressive responses in
patients unresponsive to other treatments [4-6].

To date, genetic engineering remains the most effective method for

manipulating and empowering immune cells [7,8]. However, the de-
livery of genetic materials into immune cells is impeded by significant
barriers, such as the cell membrane charge, endosome/lysosome
degradation, the crowded cytosol, and the nuclear membrane [9,10].
Consequently, numerous research groups are focusing on developing
gene delivery methods to overcome these obstacles.

To date, various approaches for gene delivery have been explored,
including electroporation, viral vectors, and non-viral carriers. While
electroporation allows gene delivery to isolated immune cells, it is
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restricted to in vitro applications, exhibits high toxicity, and faces
challenges related to scalability and cell compatibility [11]. Similarly,
viral vectors present issues such as high costs, limited cargo capacity,
and risks of immune responses and mutagenesis. These limitations have
prompted researchers to seek more reliable non-viral carriers for
delivering genes to immune cells [4,12].

Non-viral carriers, including carbonate apatite, iron oxide, lipo-
somes, peptides, gold nanoparticles, and polymers, provide advantages
such as ease of production, adaptability, low cost, and better safety
compared to viral carriers [3,8,13—15]. Among these, cationic polymers
like polyethyleneimine (PEI), poly-L-lysine (PLL), and poly(2-(dime-
thylamino)ethyl methacrylate) (pDMAEMA) effectively neutralize the
anionic charges of nucleic acids, protect them from nucleases, and form
nano-sized complexes that facilitate cellular internalization [16].

Among the mentioned polymers, PEI with its star-shaped architec-
ture has garnered significant attention for gene delivery due to its high
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DNA loading capacity, low cost, scalable synthesis, and proton sponge
effect [17]. Its primary, secondary, and tertiary amine groups act as a
proton sponge in acidic conditions, reducing lysosomal nuclease activity
and promoting endosomal rupture, which facilitates gene delivery [18].
However, the transfection efficiency of PEI/DNA nanoparticles in
non-adherent cells, such as T cells, is relatively low. This limitation is
likely due to two primary factors: reduced rates of endocytosis and
decreased endosome acidification. These challenges diminish the uptake
of PEI/DNA nanoparticles through endocytosis and impede their po-
tential for endosomal escape via the proton sponge effect. Consequently,
there is an urgent need to develop improved transfection methodologies
to overcome these obstacles.

Until now various approaches including, carrier modification, using
additive and tuning physicochemical features of nanoparticles have
been employed, to enhance the transfection rates achieved by PEI-based
polyplexes. For example Uludag et al. used linoleic substituted PEI to
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Fig. 1. Schematic diagram, gel retardation assay, and physicochemical analyses of PEI/DNA nanoparticles. A) Schematic diagram of optimization processes for
improving gene delivery to T cells. B) Gel retardation assay of PEI/DNA nanoparticles. The nanoparticles were prepared with 0.5 ug of pDB2GFP plasmid DNA at
different N/P ratios. C) Physicochemical analyses of PEI/DNA nanoparticles. The size and charge of nanoparticles containing 0.5 pg of DNA at different N/P ratios

were measured using dynamic light scattering.
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improve the siRNA delivery into lymphocyte [19]. Ayyadevara et al.
demonstrated that the addition of Ca** to the culture media significantly
improves the efficiency of polyplex-mediated transfection using (PEI),
achieving up to a 12-fold increase compared to controls [20].
Gonzalez-Dominguez et al. optimized the polymer/DNA incubation time
to improve gene delivery into mammalians cells [16,21]. More impor-
tantly, the PEI/DNA ratio, as well as the size and charge of polyplexes,
play critical roles in determining their interactions with cargo, cellular
trafficking, and endosomal escape [16,22]. Cheraghi et al. demonstrated
that adjusting physicochemical features enhances PEI-mediated gene
delivery to breast cancer cells [23]. However, the transfection efficiency
achieved by PEI-based polyplexes is cell-dependent, meaning that an
optimal formulation for one cell type may not be effective for others [24,
25]. The cell type dependency of polyplex formulations, combined with
lower endocytosis rates and reduced endosome acidification in T cells,
poses significant challenges in T cell transfection. A comprehensive
evaluation of the factors influencing PEI-mediated T cell transfection,
which addresses these challenges, is currently lacking. Therefore, there
is an urgent need to thoroughly assess various parameters, including
nanoparticle optimization, media tonicity, acidity modulation, and
transfection modifications, to enhance cellular uptake and gene delivery
rates in T cells.

Here, for the first time, we have comprehensively evaluated the
impact of tuning the physicochemical properties of PEI-based nano-
particles, optimizing cell culture parameters, modulating cellular
physiology, and refining transfection strategies on the transfection rate,
aiming to enhance gene delivery efficiency into T cells. For this reason,
we complexed PEI with a gene reporter-harboring plasmid to fabricate
nano-sized particles. After optimizing the physicochemical properties of
the nanoparticles, we transfected Jurkat cells, which serve as a model for
T cells (derived from a 14-year-old boy with acute lymphoblastic leu-
kemia), using various approaches to determine the optimal conditions
and formulation for gene delivery (Fig. 1a).

2. Material and method
2.1. Preparation of plasmid DNA

The E. coli bacteria harboring the psiCHEK 2 plasmid were cultured
in 10 ml of LB medium containing 10 pg/ml of ampicillin for 16 hours.
Subsequently, the bacteria were harvested by centrifugation at 4000
RPM for 10 minutes. The bacterial pellets were then used for plasmid
extraction using a GeneBox kit, following the manufacturer’s protocol.
The concentration of the purified plasmid was determined using a
NanoDrop Microvolume UV-Vis spectrophotometer (Biotek), and the
quality of the plasmid DNA was assessed through agarose gel electro-
phoresis. For this analysis, the purified plasmid was loaded onto a 1 %
agarose gel and run for one hour at 80 V. The gel was subsequently
visualized using a UV gel documentation system. Finally, the purified
plasmid was aliquoted and stored at —20 °C for future experiments.

2.2. Preparation of nanoparticles

The branched 25 kDa polyethyleneimine (PEI) (Sigma) was diluted
to a concentration of 1 mg/ml in deionized water for subsequent in-
vestigations. The nanoparticles were synthesized by mixing branched
25 kDa PEI and psiCHEK 2 DNA for 30 minutes at room temperature.
The mixing ratio of polymer and DNA was based on molar ratio of amine
groups in PEI and phosphate groups in DNA according to following
formula:

Weight of PEI(pg)
Molecular weightof repeated unit
N / P ratio : Number of positive charge

Weight of DNA(pg)
330
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Each repeat unit of polyethylenimine (PEI) with a molecular weight
of 25 kDa has an approximate molecular weight of 473 daltons (Da), and
the number of positive charges per repeat unit is typically around four.
In a DNA strand, the average molecular weight per nucleotide is
approximately 330 Da. For example, nanoparticles at the N/P ratio of 1
were prepared by addition of 0.35 pl of PEI (1 mg/ml) to a vial con-
taining 1 pg of plasmid DNA. Following the addition of PEI, the mixture
was gently pipetted 30 times and allowed to undergo complexation at
25°C for 30 minutes.

2.3. Gel retardation assay

The DNA binding capacity of PEI-based nanoparticles was evaluated
using a gel retardation assay. For this purpose, nanoparticles were pre-
pared with 0.5 pg of DNA at various N/P ratios. The prepared nano-
particles, which contained 1X loading dye, were loaded into a 1 %
agarose gel in 1X TAE buffer and electrophoresed for 45 minutes at
80 V. The gel was stained with SafeStain and visualized using UV illu-
mination with a gel documentation system (Syngene).

2.4. Nanoparticles size, charge and morphology studies

The size and surface charge of DNA/PEI polyplexes were evaluated
using dynamic light scattering analysis. Briefly, nanoparticles were
prepared by 0.5 pg of plasmid DNA at various N/P ratios. The volumes of
the mixtures were adjusted to 500 pl with deionized water and analyzed
using a Nano-Zeta Sizer (Nanotrac Wave II).Experiments were con-
ducted in triplicate. For Transmission electron microscopy (TEM) anal-
ysis, the nanoparticles were prepared by 1 ug of plasmid DNA at N/P
ratios of 2 and 8. After 25 minutes, the nanoparticles were drop-cast
onto carbon-supported copper grids. The grids were then stained with
2 % uranyl acetate for 2 minutes, and any excess liquid was absorbed
using filter paper. The grids were air-dried and examined using a
transmission electron microscope (TEM, Zeiss - EM100 kV).

2.5. Serum stability analysis

One of the main problems in gene delivery is the susceptibility of
DNA to nuclease degradation. To assess the DNA protection capability of
PEI, nanoparticles were prepared at an N/P ratio of 8, and 10 % serum
was added to them. These complexes were incubated for 1 hour at 30°C,
after which sodium salt of heparin at a concentration of 1 mg/ml was
added to facilitate the release of DNA from the complexes. The samples
were then loaded onto a 1 % agarose gel and subjected to electropho-
resis for 45 minutes at 80 V. The gel was visualized using UV illumi-
nation with a gel documentation system.

2.6. Cell culture and transfections

The Jurkat cells were obtained from the Pasteur Institute and
maintained in a 5 % humidified CO, incubator. The cells were cultured
in a T25 flask using RPMI 1640 medium supplemented with 10 % fetal
bovine serum (FBS) and 1 % penicillin-streptomycin. Cell viability was
assessed using trypan blue dye exclusion method. Transfection was
carried out as described below, unless otherwise specified for modified
experiments. On the day of transfection, 5 x 10° cells were cultured in a
24-well plate in 100 pl of serum-free RPMI 1640 medium. Nanoparticles
composed of PEI/DNA containing 0.5 ug of psiCHEK-2 plasmid were
prepared at various N/P ratios. The prepared nanoparticles were diluted
to a final volume of 100 pl with serum-free RPMI1640 medium and
added dropwise to the plate. In the case of reverse transfection, the
prepared polyplexes were added to the plate, and the volume was
adjusted to 100 ul with serum-free RPMI medium, followed by the
addition of a suspension of 5 * 10° cells to the nanoparticles. Full media
were added to the cells two hours later.

The transfection protocol was modified in several aspects, including
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the amount of DNA in nanoparticles (0.25-4 pg), the volume of media
for complex dilution (25-150 pl), the presence of serum in the trans-
fection medium (with and without FBS), the volume of media for cell
suspension (25-100 pl), and the time span of incubation before the
addition of complete media (spanning from 5 minutes to 2 hours). For
transfection at various pH values, one hour after the addition of a 50 ul
complex to the cells, RPMI media prepared at different pH values were
added to the cells. The effect of tonicity on the transfection efficiency of
PEI/DNA complexes was also evaluated by adjusting the tonicity of the
cell culture media using sterile NaCl solution. This adjustment was made
both prior to and after the addition of the complexes. After 48 hours of
incubation in a cell culture incubator, the cells were harvested by
centrifugation at 4000 RPM for 10 minutes and subsequently lysed with
CCLR buffer. A total of 10 ul of cell lysate was mixed with 10 pl of
luciferase substrate, and luciferase activity was evaluated using a BMG
luminometer.

2.7. Transfection in vial

For transfection in vial, 2 x 10”5 Jurkat cells were suspended in
serum-free RPMI medium in a 1.5 ml microtube (Eppendorf tubes). The
vial cap was punctured under sterile conditions to facilitate the ex-
change of CO2 and O2. The nanoparticles of PEI/DNA were prepared
using 0.5 pg of DNA at various N/P ratios and diluted to a final volume
of 100 pl with RPMI medium, prior to addition to the cells. For reverse
transfection, an alternative method of nucleic acid delivery, a suspen-
sion of 2 x 10”5 Jurkat cells was added to the polyplexes suspension
prepared in a 1.5 ml micro tube on the day of transfection. Two hours
later, 200 pl of RPMI medium supplemented with fetal bovine serum and
penicillin-streptomycin was added to the vial. After 48 hours, the vial
was centrifuged at 4000 RPM for 5 minutes, and the supernatant was
discarded. The pellet was then lysed with CCLR buffer and luciferase
activity was measured as previously described.

2.8. Cytotoxicity assay

The effects of free PEI and PEI complexed with DNA were evaluated
using MTT assay. For this purpose, the 1 * 10* Jurkat cells were cultured
in a 96-well plate and maintained in a humidified CO, incubator. The
cells were treated with free PEI and/or PEI/DNA nanoparticles at
various N/P ratios prepared using 0.5 ug of DNA, or with nanoparticles
prepared with different DNA concentrations at various N/P ratios for
48 hours. Subsequently, 10 pl of a 5 mg/ml MTT solution was added to
the cells and incubated for 4 hours. Then 100 ul of DMSO was added to
the solution and incubated at 37 C for 30 minutes. The absorbance of
cells at 570 nm was measured using a UV-visible plate reader. Non-
transfected cells were used as a control to normalize obtained raw
absorbance. The experiment was performed in triplicate.

2.9. DNA binding and release analyses

To determine the DNA binding rate to PEI, nanoparticles with N/P
ratios of 2.0 and 8.0 were diluted with deionized water to achieve a final
volume of 30 ul. The mixture was incubated for varying durations,
ranging from 1 to 30 minutes, and then centrifuged at 17,000 g for
3 minutes. After centrifugation, the concentration of unbound DNA in
the supernatant was analyzed using a UV-Vis NanoDrop spectropho-
tometer. The amount of bound DNA at each time point was calculated by
subtracting the concentration of unbound DNA from the total amount of
DNA initially used. For the release study, nanoparticles with N/P ratio of
2.0 and 8.0 were diluted with deionized water to a final volume of 100 pl
and incubated in a shaker incubator at 25°C for one week. At pre-
determined time intervals, the nanoparticles were centrifuged at
17,000 g for 10 minutes. A volume of 20 pl of the supernatant was
replaced with an equal volume of deionized water. The amount of DNA
in the supernatant was analyzed using a UV-Vis NanoDrop
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spectrophotometer (Biotek). The percentage of DNA mass released was
calculated by dividing the mass released at a specific time point by the
total initial mass of DNA. Additionally, the cumulative percentage of
DNA mass released at each time point was determined by dividing the
cumulative mass released by the total initial mass of DNA.

2.10. Evaluation of cellular uptake of PEI/DNA nanoparticles

To analyze the effects of various conditions on the cellular uptake of
PEI/DNA, nanoparticles containing 1 ug of FAM-labeled DNA were used
for transfection. Jurkat cells were cultured in RPMI 1640 medium in a
humidified CO: incubator. On the day of transfection, 2 x 10° cells were
seeded in a 24-well plate, and RPMI 1640 medium supplemented with a
PEI/DNA complex at an N/P ratio of 8 was added as a control. In another
experimental condition, the tonicity of the medium was changed to
hypotonic by adding an equal volume of deionized water, before and
after the addition of the complex. Additionally, to assess the effect of pH
on transfection, the cell culture media were adjusted to pH values of 5.0
and 9.0, respectively, 30 minutes after the addition of the complex. For
reverse transfection, after preparing the complexes, their volumes were
adjusted to 100 pl using either RPMI 1640 or the same medium sup-
plemented with an equal volume of deionized water. Then, 2 x 10°
Jurkat cells, also prepared in either RPMI 1640 or the same medium
supplemented with an equal volume of deionized water, were added to
the complexes in a dropwise manner. After 3 hours, the cells were
washed with phosphate-buffered saline (PBS) containing 0.04 % Trypan
Blue to quench extracellular fluorescence. The cells were then analyzed
using a Nikon Eclipse Ts2 Inverted Microscope. The number of fluo-
rescent cells was counted using NIS-Elements Basic Research software
(Nikon).

2.11. Evaluating the storage stability of PEI/DNA nanoparticles

To evaluate the stability of the particles during storage, PEI/DNA
nanoparticles were prepared at an N/P ratio of 8 using 1 ug of plasmid
DNA. The nanoparticles were then diluted in various buffers, including
deionized water, phosphate-buffered saline (PBS), and RPMI 1640. After
25 minutes, the nanoparticles were stored under various temperature
conditions, including —20 °C, 4 °C, and 25 °C. At specified time intervals
(1, 3, 5, and 7 days), the nanoparticles were analyzed using gel elec-
trophoresis and dynamic light scattering (DLS).

3. Results and discussion
3.1. The DNA binding capacity of nanoparticles

The first step in the preparation of nanoparticles is the binding of
DNA to carrier. The DNA binding capacity of the nanocarrier at different
N/P ratios was evaluated by gel retardation assay. As shown in Fig. 1b,
the PEI at N/p ratio of 0.25-0.5 began to decrease electrophoretic
movement of pDNA compared to control DNA. In other words, at the
mentioned N/P ratios PEI binds to DNA partially. However, the increase
of carrier content, impeded the electrophoretic movement of DNA, so
that at an N/P ratio of 1, the PEI completely retarded the electrophoretic
movement of DNA and showed a shiny band in the well. These results
are consistent, with our previous report, which indicated that at N/P
ratio of 1, the cationic carrier completely bound to pDNA and stopped its
electrophoretic mobility[26].Additionally, with increase of N/P ratio a
lower emission was observed in the wells. This result suggests the for-
mation of tight particles that exclude the dye from DNA at high N/P
ratio. Therefore, complexation of PEI and DNA with an N/p ratio of
higher than 0.5 is essential for the fabrication of suitable, compact
nanoparticles. The formation of condensed nanoparticles has been re-
ported that can protect DNA from serum and intracellular nucleases, as
well as to enhance the transfection rate [27].
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3.2. Nanoparticles size, charge and morphology

The size and charge of particles, as two key features, ascertain the
interactions between particles, stability in cell culture media, and in-
teractions with cell membranes and cytosolic components. Therefore, in
this study, prior to proceeding with transfection study, we evaluated the
size and charge of nanoparticles at various N/P ratios using Dynamic
Light Scattering analysis. The nanoparticles at an N/P ratio of 1
exhibited a hydrodynamic diameter of approximately 900 nm. As shown
in Fig. 1c the increase of carrier content decreased nanoparticle size, so
that at an N/P ratio of 8, we observed particles with a size of around
200 nm. This result, consistent with the gel retardation assay, demon-
strated that, the increase in carrier content led to the formation of more
compact particles. It has been reported that this formation of compact
particles occurs through a self-assembly process[21]. Moreover, the
small size of the particles is suitable for uptake via the endocytosis
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process [28]. Surface charge, another key characteristic of polyplexes, is
known as an important factor influencing nonspecific interactions with
the plasma cell membrane and, consequently, the uptake route of
nanoparticles. Therefore, we also evaluated the surface charge of
nanoparticles as a function of the N/P ratio. Naked DNA exhibited a
negative zeta potential, which is consistent with the negatively charged
phosphate groups in the DNA backbone. Furthermore, the PEI/DNA
complex at an N/P ratio of 2 demonstrated a zeta potential of + 1 mV,
suggesting that PEI binds to DNA and neutralizes its negative charge. As
the N/P ratio increased, we observed a corresponding rise in the zeta
potential of the nanoparticles. This positive charge on the nanoparticles
facilitates their interaction with the negatively charged components of
the cell membrane, thereby initiating cellular uptake processes [29]. To
validate the formation of nanoparticles and evaluate the effect of the
N/P ratio on their morphology, we conducted transmission electron
microscopy (TEM) analysis. Based on DLS results, nanoparticles with
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Fig. 2. Evaluation of the morphology, DNA binding rate to PEI, DNA release rate, and serum stability of nanoparticles. A) Transmission electron microscopy (TEM)
image of PEI/DNA nanoparticles at an N/P ratio of 2. B) TEM image of PEI/DNA nanoparticles at an N/P ratio of 8. C) The kinetics of DNA binding to PEI at different
N/P ratios were studied. The prepared DNA was incubated with PEI for various time points. After incubation, the unbound DNA was separated by centrifugation, and
its concentration was measured. This concentration was then used to calculate the amount of PEI-bound DNA. D) The kinetics of DNA release from PEI/DNA
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N/P ratios of 2 and 8 were selected for TEM analysis due to their sig-
nificant size differences, which allowed for a detailed structural inves-
tigation. As illustrated in Fig. 2a and b, the complexation of DNA with
PEI led to the formation of particles with different sizes and morphol-
ogies depending on the N/P ratio. At an N/P ratio of 2, TEM revealed
irregularly shaped particles with a less compact size of approximately
700 nm. In contrast, increasing the N/P ratio to 8 resulted in more
spherical and uniform particles with a size around 160 nm, consistent
with the DLS results. This variation in particle size and morphology as a
function of the N/P ratio suggests that increasing the PEI content en-
hances intra-particle ionic interactions, leading to the formation of more
condensed particles with well-defined structures. These structural
changes not only affect particle stability but also influence the effec-
tiveness of these nanoparticles in interacting with cell membranes and
releasing their DNA cargo for gene expression. It is important to note
that the observed discrepancies in nanoparticle size between DLS and
TEM analyses arise from their differing measurement principles. DLS
measures the hydrodynamic radius in solution, incorporating contribu-
tions from hydration shells—especially for particles with complex geo-
metries—, while TEM provides direct imaging in a dried state [30].

3.3. Binding and release rates of PEI/DNA complexes

One of the primary factors influencing gene delivery systems is their
capability to bind DNA at a suitable rate. For this purpose, we analyzed
the binding kinetics between DNA and PEI at N/P ratios of 2 and 8. As
shown in Fig. 2¢, after 1 minute, the amount of unbound DNA at both N/
P ratios remained high, resulting in a binding percentage of slightly
below 5 % for nanoparticles at an N/P ratio of 8 and 16 % for those at an
N/P ratio of 2, indicating negligible initial binding. This suggests that
PEI molecules require time to effectively interact with DNA molecules.
However, DNA binding progressively increased with incubation time, so
that at 10 minutes, the percentage of bound DNA was approximately
22 % at an N/P ratio of 8 and 40 % at an N/P ratio of 2, respectively. The
time-dependent binding indicates that the process is driven by the
gradual formation of electrostatic interactions between the positively
charged PEI and negatively charged DNA. A significant increase in
binding efficiency was observed between 10 and 20 minutes, high-
lighting a strong interaction facilitated by electrostatic attraction. After
20 minutes, nanoparticles at an N/P ratio of 8 exhibited a higher binding
percentage than those at an N/P ratio of 2, suggesting that a higher
concentration of PEI enhances binding efficiency due to increased
availability of positively charged sites for interaction with DNA. The
binding percentage continued to rise steadily, reaching approximately
80 % at 30 minutes, indicating that most available DNA had bound to
PEL This observation aligns with our findings of the transition from
loose to compact particles from 5 to 25 minutes. The high binding effi-
ciency and stable complex formation make PEI an effective vector for
DNA delivery. In a separate investigation, we analyzed the DNA release
rate from the PEI carrier at N/P ratios of 2 and 8, utilizing centrifugation
to separate bound and unbound DNA. As shown in Fig. 2d, the nano-
particles with an N/P ratio of 2 rapidly released approximately 20 % of
their DNA content within 24 hours. The cumulative release increased
with prolonged incubation times, reaching 30 % after 2 days. In
contrast, nanoparticles with an N/P ratio of 8 released only 20 % of their
DNA content after 2 days. This finding is consistent with dynamic light
scattering (DLS) results, which indicated a compact size of approxi-
mately 200 nm for nanoparticles at an N/P ratio of 8, while those at an
N/P ratio of 2 exhibited a loose structure with a diameter of around
800 nm. After 5 days, the remaining DNA in nanoparticles at both N/P
ratios was released at a slower rate. This outcome aligns with the find-
ings reported by Amani et al., which indicated that DNA was released
from PEI after 5 days [31].
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3.4. Evaluation of serum stability of PEI/DNA nanoparticles

The presence of serum and intracellular nucleases poses significant
challenges for gene delivery systems. In this study, we investigate the
capability of the PEI carrier to protect DNA from degradation by nu-
cleases. As shown in Fig. 2e, similar to the results of the gel retardation
assay, the complex remains stable in serum and does not release its DNA
component. Subsequently, heparin induced the release of DNA from the
PEI complexes. The released DNA exhibited a similar electrophoretic
pattern to that of control plasmid DNA, indicating that the PEI carrier
effectively protects its DNA cargo from degradation. The results
demonstrated that serum components do not disassemble the PEI/DNA
complexes. This finding paves the way for transfection in the presence of
serum, facilitating future in vivo delivery. Furthermore, investigating
the susceptibility to nucleases in the presence of various serum com-
ponents offers a more realistic environment for analysis. Overall, the
results indicate that the nanoparticles can effectively protect DNA from
nucleases. A similar finding was reported by Cheraghi et al., which
demonstrated that a peptide-based carrier also protected DNA from
serum nucleases[27]. It should be noted that while SDS easily induces
the release of DNA from peptide carriers, it is not as effective for PEIL

3.5. The impact of N/P ratios on the transfection efficiency of
nanoparticles

Low cellular internalization and endosomal entrapment are known
as the primary barriers to nanoparticle-mediated transfection, under-
mining the efficiency of non-viral gene delivery to T cells [4,32]. One of
the key features of polymeric nanoparticles implicated in overcoming
these barriers is their N/P ratios. Therefore, we examined the trans-
fection efficiency of nanoparticles prepared with GFP and/or luciferase
genes harboring plasmids at various N/P ratios. As shown in Fig. 3a, the
number of GFP-positive cells varied with N/P ratio and time
post-transfection. The number of GFP-positive cells increased with an
increase in the N/P ratio of nanoparticles up to 8. However, at higher
N/P ratios the number of GFP-positive cells remained constant at
16 hours post-transfection. At 48 hours, the highest number of
GFP-positive cells was observed at an N/P ratio of 2.00, followed by a
decrease at 4.00, a plateau at 6.00, and a slight increase at 8.00. The
observed decrease in GFP-positive cells at certain N/P ratios and time
points could be attributed to the potential cytotoxic effects of GFP.
Studies have shown that GFP can induce cytotoxicity in cells, leading to
cell death and a subsequent decrease in the number of GFP-positive cells
over time [33]. To obtain a quantitative justification, we prepared
nanoparticles containing a luciferase gene-harboring plasmid at various
N/P ratios. As shown in Fig. 3b, the highest luciferase activity was
observed in Jurkat cells transfected with nanoparticles at an N/P ratio of
8, indicating that this is the optimal ratio for transfection. According to
DLS results, nanoparticles at this N/P ratio exhibited a size around than
200 nm, which is consistent with the suitable size of particle for endo-
cytosis. The lower luciferase activity in the lysate of cells transfected
with nanoparticles at N/P ratios lower than of 8 may be attributed to the
lower polymer content, which in turn leads to a lower concentration of
unprotonated amino moieties, which decreases the capacity of the
nanoparticles to induce endosomal escape via the proton sponge effect.
[18]. Similarly, Pol-L-lysine-based nanoparticles, due to their inability
to escape from endosomes, did not demonstrate any transfection ca-
pacity in cells[34]. Furthermore, the decrease in transfection efficiency
of nanoparticles at very high N/P ratios is presumably attributed to their
increased compactness, which results in a slower release of DNA
compared to lower N/P ratios. Overall, unlike PLL-based nanoparticles,
which necessitate an additional agent like a targeting ligand for effective
gene delivery to T cells, PEI-based nanoparticles can independently
facilitate gene delivery to these cells [20]. Therefore, as our results
indicate, similar to the findings reported by another group, modulating
the N/P ratio of PEI-based nanoparticles enhances their transfection
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Fig. 3. The effect of modulation of nanoparticles’ physicochemical features on T cells transfection. A) The impact of the N/P ratios of nanoparticles prepared with
GFP gene harboring plasmid on the transfection of Jurkat cells. Transfection with 0.5 pg of GFP plasmid was assessed at 16 and 48 hours post-transfection. The inset
images display various GFP-positive cells. B) The quantitative effect of the N/P ratios of PEI/DNA nanoparticles on gene delivery to T cells. Jurkat cells were
transfected with 0.5 pg of psichek2 plasmid at different N/P ratios. C) The effect of DNA quantity on transfection efficiency. Jurkat cells were transfected with
nanoparticles prepared with different amounts of DNA in a 24-well plate. D) The effect of complex volume on the transfection efficiency of PEI/DNA nanoparticles.
Complexes of PEI/DNA were diluted with different volumes of medium and used to transfect Jurkat cells.

efficiency [1].

3.6. Evaluation of the effect of DNA dosage of nanoparticles on
transfection efficiency

One of the most effective strategies for enhancing protein expression
is increment of the dosage of DNA, which serves as the main template for
mRNA production. Therefore, we sought to determine the appropriate
DNA dosage and, correspondingly, the suitable dosage of nanoparticles
for the transfection of Jurkat cells. As shown in Fig. 3c, an increase in the
quantity of nanoparticles, while maintaining a constant N/P ratio,
resulted in enhanced luciferase protein expression. The peak luciferase
activity was observed in the lysate of Jurkat cells transfected with
nanoparticles containing 2 ug of DNA. In contrast, increasing the DNA
concentration beyond 2 pg during the preparation of nanoparticles at a
constant N/P ratio led to a decline in luciferase activity, which can be
attributed to nanoparticle-associated cytotoxicity at elevated concen-
trations. A similar outcome was observed with other polycationic
polymers in Jurkat cells[29]. Therefore, we selected 1 pg of DNA as the
optimal dosage for the preparation of nanoparticles and gene delivery
studies.

3.7. Evaluation of the effect of volume of complex of PEI/DNA
nanoparticles on transfection efficiency

The volume of complexation of DNA-polymer nanoparticles is a
critical parameter affecting both intra- and inter-particle interactions, as
well as their interactions with target cells. In this study, we evaluated the
impact of this volume on the efficiency of nanoparticle-mediated
transfection in Jurkat cells. As shown in Fig. 3d, cells transfected with
nanoparticles prepared and suspended in a high volume of medium
exhibited significantly higher luciferase activity compared to those
transfected with nanoparticles prepared and suspended in a low volume.
The high transfection efficiency observed with highly diluted nano-
particles can be attributed to two main factors. First, it likely prevents
nanoparticle aggregation by reducing particle interactions and
decreasing serum content in the final transfection media. Second, the
volume of complexation affects DNA compression kinetics and nano-
particle structures, ultimately influencing the transfection rate. Notably,
other research groups have also observed increased transfection rates
when complexes are formed in higher volume media [29].

3.8. The effect of cell seeding density
The cell density is a critical factor influencing nutrient levels for cell

growth, as well as the accumulation of cellular debris and excretory
metabolites. More importantly, the seeding density of cells ascertains
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the number of target sites available for nanoparticles. Therefore, we
examined the transfection efficiency of nanoparticles at various cell
seeding densities. As shown in Fig. 4a, increasing the seeding density
from 500 cells/pl resulted in enhanced luciferase gene activity and the
highest transfection efficiency observed at 2000 cells/ul. Consequently,
this cell density was selected for further experiments. Specifically, 20-
and 40-fold increase in transfection efficiency was observed with 2- and
4-fold increase in the number of seeded cells, respectively. This signif-
icant increase in transfection efficiency with rising cell numbers per
volume of medium is presumably due to the increased local concentra-
tion of IL-2, which in turn increases the proliferation rate [35,36].
Indeed, the transient disruption of the nuclear membrane during pro-
liferation improves the efficiency of nuclear gene delivery [37]. In other
words, this result may be attributed to a higher number of cells being in
the mitotic phase, during which the nuclear membrane is compromised,
allowing PEI/DNA nanoparticles to enter the nucleus more easily.
Similarly, another study reported that increasing the number of cells per
well significantly improved transfection rates [38]. This finding further
indicates that transfection efficiency is dependent on cell number.
However, as the cell number increased to 4000 cells/ul, the transfection
efficiency abruptly declined, presumably due to a decrease in capacity
and nutrients for cell growth.

3.9. Evaluation of the effect of volume of cell suspension on transfection
efficiency

In the next step, considering the importance of media volume on
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molecular spacing and the interaction of nanoparticles with cells for
membrane crossing, we evaluated the effect of the volume of media in
which cells are suspended on transfection efficiency. As shown in
Fig. 4b, an increase in the media volume of the cell suspension resulted
in enhanced gene delivery and the maximum luciferase activity was
observed with a cell suspension prepared at 100 pl prior to transfection
in a 24-well plate. Beyond this volume, we observed a decrease in the
transfection rate. This finding suggests that optimal interaction between
nanoparticles and cells occurs at 100 pl, leading to enhanced uptake
and, consequently, optimal transfection efficiency.

3.10. Evaluation of the effect of the timing of the addition of complete
medium

In the next step, we evaluated the effect of serum presence in the
transfection medium. As shown in Fig. 4c, the presence of FBS in the cell
suspension prior to the addition of nanoparticles decreased luciferase
activity by around 40 %. This data suggests that serum in the medium
negatively impacts the transfection efficiency of Jurkat cells with PEI/
DNA complexes, likely due to serum proteins interacting with the
complexes, leading to aggregation or instability, which hinders cellular
uptake and gene expression. An experiment conducted by another group
indicated that the transfection rate of HEK 293 cells was significantly
reduced in the presence of medium supplemented with FBS [39].
Therefore, full media containing FBS is typically added to the trans-
fected cells after a lag time. To determine the optimal timing for the
addition of FBS-containing medium to transfected cells, we measured
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Jurkat cells at various densities were transfected with PEI/DNA nanoparticles. B) The effect of the volume of cell suspension medium on the transfection efficiency of
T cells. The medium was added to the cells prior to the addition of the nanoparticles. C) Assessment of the effect of serum on the transfection potential of PE[/DNA
nanoparticles. Jurkat cells were transfected using PEI/DNA at an N/P ratio of 8.0, both in the presence and absence of FBS in the transfection medium. D) The effect
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the luciferase activity of Jurkat cells that received the complete medium
at various lag time points. As shown in Fig. 4d the maximum luciferase
activity was observed in transfected cells that received full media after
5 minutes. When this time was extended to 2 hours, we observed an
8-fold decrease in transfection efficiency. The higher transfection rate
observed when complete medium is added shortly after transfection is
presumably due to the fact that the addition of FBS at shorter intervals
reduces the unwanted toxicity associated with nanoparticles. Further-
more, addition of serum-containing medium with a shorter lag time may
decrease nanoparticle aggregation and promote cellular adhesion of
nanoparticles. A similar result was reported by another research group
[22]. This finding aligns well with results from a different study, which
suggested that a brief exposure of approximately 10 minutes is sufficient
for nanoparticles to bind to the cell membrane[20]. In contrast, a pro-
longed lag time for the addition of full medium may increase
nanoparticle-mediated toxicity and particle aggregation, ultimately
resulting in lower transfection efficiency [39]. Moreover, we evaluated
the growth and morphology of Jurkat cells in different cell culture
media. Microscopic images demonstrated that, in DMEM and RPMI
1640, these cells exhibited a healthy morphology (Fig. 4e).
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3.11. Transfection settings: in vial and plate

One of the main steps in transfection is cell culture in various con-
tainers, including plates and vials. The three-dimensional shape of the
container used for cell suspension significantly influences the rate of
contact between cells and nanoparticles. To evaluate the effect of the
three-dimensional shape of these containers on PEIl-mediated trans-
fection of Jurkat cells, we compared transfection efficiency in vials and
plates. As shown in Fig. 5a, the transfection of Jurkat cells with PEI/DNA
nanoparticles in vials resulted in a 20-fold increase in luciferase activity
compared to the transfection of Jurkat cells in plates under identical
conditions. This observation demonstrates that the shape and volume of
the cell culture containers can modulate the interactions between cells
and nanoparticles; specifically, the narrow space at the bottom of the
vial enhances these interactions. Additionally, positioning the trans-
fection tube upright increases the local concentration of cells and
nanoparticles. More importantly, gravity provides a physical force that
enhances the rate of interaction between cells and nanoparticles in the
vial, thereby improving transfection kinetics. Similarly, some research
groups have employed centrifugation and/or external magnetic fields to
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Fig. 5. The effect of transfection settings and modulation of cellular physiology on transfection efficiency. A) The effect of transfection settings on the efficiency of
PEI-mediated gene delivery to T cells. Jurkat cells were transfected in vials and/or plates, utilizing either direct addition of nanoparticles to cultured cells or reverse
addition of cell suspensions to nanoparticles. B) The effect of transfection medium acidity on the efficiency of PEI-mediated gene delivery to T cells. Jurkat cells were
transfected in media prepared with various acidity levels, using PEI/DNA nanoparticles at different N/P ratios. C & D) The effect of transfection medium tonicity on
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promote the sedimentation of nanoparticles onto the cells[40]. This
finding is important because it not only substantially increases the
transfection efficiency but also has the potential to reduce the cost of the
transfection procedure. A similar increase in transfection efficiency for
lymphocyte cells using 24-armed poly(2-dimethylamino) ethyl meth-
acrylate (PDMAEMA) in tubes compared to plates has been reported by
another research group[22].

3.12. Transfection settings: direct and revers

Today, various approaches have been employed to induce the
movement of nanoparticles toward cells. Techniques such as electro-
poration and magnetic transfection actively facilitate the transport of
nanoparticles to the cell surface. In contrast, passive transfection using
polymers primarily relies on the Brownian motion of nanoparticles and
their sedimentation onto the cell surface due to gravitational forces.
Consequently, we evaluated the effects of nanoparticles movements
toward the cells and vice versa through direct and reverse transfections,
respectively. As shown in Fig. 5a direct transfection, where nano-
particles are moved toward the cells, resulted in two-fold higher lucif-
erase activity in the plate setting, suggesting improved transfection
efficiency. Conversely, reverse transfection exhibited ten-fold higher
luciferase activity in the vial setting. This discrepancy may be attributed
to the different dynamics of nanoparticle-cell interactions in each setup.
In the plate setting, direct contact between nanoparticles and cells likely
facilitates more efficient uptake. In contrast, the vial setting may allow
for better mixing and interaction between nanoparticles and cells,
thereby enhancing reverse transfection efficiency. Our results are
consistent with those reported by Riedl et al., who found that reverse
transfection of Jurkat cells using PDMAEMA polymer led to improved
transfection efficiency[22].

3.13. The effect of acidity of extracellular media on transfection

One of the primary factors that determines the intracellular fate of
gene delivery nanocarriers is their ability to escape from endosomes. In
the case of PEI, the protonation of amine groups is a key mechanism
facilitating endosomal escape, which is significantly influenced by
endosomal acidification. Therefore, we investigated the effect of extra-
cellular pH on the transfection efficiency of PEI/DNA nanoparticles in T
cells. As shown in Fig. 5b, the transfection rate of the nanoparticles
correlated with the extracellular acidity of the medium. Specifically, an
increase in extracellular pH from 7.0 to 9.0 resulted in a 5- to 10-fold
increase in luciferase activity in transfected cells, depending on the N/
P ratios. Interestingly, we observed a higher transfection rate at medium
with a pH value of 5.0 compared to 6.0. These results suggest that an
increase in extracellular pH and hydroxide ion concentration may
trigger enhanced hydrogen ion production within cells. This response
likely serves as a defense mechanism against elevated extracellular
alkalinity. Notably, the increased acidification of endosomes amplifies
the ‘proton sponge’ effect associated with polyethylenimine (PEI). This
effect disrupts the endosomal membrane, facilitating the escape of ge-
netic material carried by PEI from the endosome into the cytoplasm,
thereby enhancing transfection efficiency. Furthermore, the endosomes
of T cells show a lower acidification rate compared to other non-
adherent cells. This phenomenon reduces the efficiency of transfection
agents that rely on a pH-triggered endosomal escape mechanism.
Overall, this low transfection efficiency necessitates efforts to improve
transfection methods [4,12,13,32]. The Pun group reported that one of
the main factors differentiating the transfection efficiency of adherent
and non-adherent cells is the lower endosomal and intracellular acidity
levels in T cells[32]. This finding suggests that employing alternative
endosomal escape mechanisms and increasing endosomal acidity may
enhance the efficiency of gene delivery to T cells.
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3.14. The effect of tonicity of extracellular media on transfection
efficiency

The cell membrane is the primary barrier against the uptake of
nanoparticles. The integrity of the cell membrane can be influenced by
the tonicity of the extracellular medium. Therefore, we evaluated the
effect of medium tonicity on the efficiency of PEI/DNA complexes for
the transfection of T cells. As shown in Figs. 5¢ and 5d, hypotonic me-
dium enhanced the efficiency of PEI-mediated gene delivery to cells
compared to hypertonic medium. Furthermore, adjusting the medium to
hypotonic (NaCl 0.5 % w/v) after the addition of the complexes resulted
in a higher transfection rate than adjusting the medium to hypotonic just
before the addition of the complexes. Notably, adjusting the medium to
hypotonic both pre- and post-transfection resulted in the highest trans-
fection rate among other conditions tested. These findings suggest that
hypotonic media, particularly at a NaCl concentration of 0.5 % w/v,
facilitate the uptake of PEI/DNA nanoparticles. Previous studies have
indicated that T cells exhibit a reduced rate of endocytosis, although the
reasons for this low endocytosis efficiency remain unclear. Research
suggests that PEI primarily interacts with negatively charged membrane
proteins, such as sulfated proteoglycans, to mediate cellular internali-
zation[22]. Interestingly, our results demonstrate that the use of hypo-
tonic medium significantly enhances the transfection rate of T cells.

3.15. Cytotoxicity studies

One of the key factors influencing the transfection efficiency of
nanoparticles is the toxicity associated with both the nanoparticles
themselves and their nanocarrier counterparts. Consequently, re-
searchers are focused on mitigating this undesirable effect. In our study,
we evaluated the safety levels of nanocarriers and nanoparticles under
various conditions for the transfection of Jurkat cells. As shown in
Fig. 6a, the free carriers at high concentrations reduced the viability of
Jurkat cells, presumably due to their high positive charges, which
resulted in increased toxicity. Interestingly, a similar outcome was
observed with the PEI-cholesterol conjugate [41]. However, complexa-
tion with DNA diminished the carrier-associated toxicity (Fig. 6b). At a
concentration of 4 ug/100 ul of medium of the carriers, cell viability
decreased to approximately 50 %. In contrast, in the presence of DNA,
cell viability was around 80 % at N/P ratios below 10. Nevertheless, at
N/P ratios exceeding 10, we observed significant toxicity. These results
suggest that DNA neutralizes the high positive charge of the nano-
carriers, thereby preventing a decline in cell viability. However, at high
N/P ratios, the complex solution contains a larger fraction of free car-
riers that exist without actively participating in the nanoparticle struc-
ture, thereby inducing toxicity. The optimal transfection rate was
achieved at N/P ratios lower than 10. The clear advantage of utilizing
nanoparticles with the optimal N/P ratio is a higher transfection rate
coupled with a more favorable safety profile compared to using very low
or very high N/P ratios. We also evaluated the effect of varying medium
acidity on the viability of T-cells in the presence and absence of
PEI/DNA nanoparticles. As shown in Fig. 6b, both a decrease and an
increase in extracellular pH reduced cell viability. The lowest viability
was observed at an extracellular pH of 5.5 in the presence of nano-
particles, which decreased viability to approximately 50 %. However, as
shown in Figs. 6¢ and 6d, PEI/DNA nanoparticles exhibited maximum
transfection rates and very low cytotoxic effects in T cells at an extra-
cellular pH of 9.0 [42].

3.16. Evaluation of the uptake of PEI/DNA Nanoparticles

T cells are often noted for their lower endocytosis rate compared to
other cell types. In this study, we evaluated the effects of various pa-
rameters on the uptake rate of PEI/DNA nanoparticles. As illustrated in
Fig. 7a and b, control cells transfected in the plate exhibited a low rate of
cellular uptake of nanoparticles. Conversely, the use of hypotonic



A. Roustazadeh et al.

A
1000 e,
= 80- o,
8 i
s 1,
> 60
3 -,
o T
40 &
01 05 075 1 2 4 8
Weight of PEI (1g/100 pl of medium)
C

1004 * 4+ Without nanoparticles i
- =I*  With nanoparticles " g,
g A S
2 804 ' o
8 ."-' &g
s iy
> 60 1ottt o
3
) i i
404

5 55 6 65 7 73 8 9

pH value

Biomedicine & Pharmacotherapy 183 (2025) 117820

B
1004 ...
i,
—~ 90- "oy
®
= 804 T
3 70 ¢
s
5 60 L
3 50 L
o
40
2 4 6 8 10 2
N/P ratio of PEI/DNA nanoprticles
D
—@— Viability ®--- Transfection rate
5.0
9.0y 80 5.5
r— -—50_‘\
/ 40 S a
20
8.0 ‘ Bo ,) 6.0
\ .
7.4h ~_ 7 6.5
=
7.0
pH Value
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ensuring a favorable safety profile.

medium increased the uptake rate by approximately two-fold compared
to the control (Fig. 7a-i). This result aligns with the findings from the
luciferase gene transfection assay. Furthermore, altering the acidity of
the medium to pH 5 and pH 9 did not significantly affect the cellular
uptake rate. This observation confirms that changes in pH, by affecting
endosomal conditions, can enhance the transfection rate. As shown in
Fig. 7a-iv, reverse transfection of cells in vials resulted in more than a
20-fold increase in fluorescent cells compared to the control. This
observation suggests that modifying the transfection method increased
the possibility of interaction between cells and nanoparticles, while also
exploiting gravitational forces to enhance uptake and, in turn, gene
delivery rates. Surprisingly, when combining reverse transfection in
vials with hypotonic medium, we observed a 40-fold increase in the
number of bright fluorescent cells compared to the control (Fig. 7b). This
finding indicates a synergistic effect between hypotonic medium and
reverse transfection. In a related study, Liu et al. developed an acous-
tothermal transfection method that improves membrane and nuclear
envelope permeability, enabling high-throughput delivery of plasmids
into primary T cells with high efficiency [43].

3.17. Evaluation of the effects of temperature and buffer on nanoparticle
stability during storage

One of the primary parameters for an effective transfection agent is
its potential for long-term storage. To evaluate this aspect, we investi-
gated the effects of buffer and temperature on the stability of DNA
binding capacity and the size of nanoparticles. As illustrated in Fig. 8a,
nanoparticles suspended in deionized water at 25 °C a minimum size
around 200 nm. However, beyond this point, the nanoparticles began to
interact more, leading to aggregation and an increase in size to
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600-800 nm after 24 hours, which may be attributed to this aggrega-
tion. Gonzalez-Dominguez et al. reported a comparable trend in the
aggregation of PEI/DNA complexes[21]. After 3 days, the size of the
nanoparticles reduced to 600 nm, presumably due to the release of DNA.
Furthermore, after 5 days, the size fluctuated again to 2000 nm, which
may be attributed to particle de-condensation. This observation is
consistent with the findings from the release study, which supports the
notion of particle de-condensation. Although nanoparticles diluted in
water and stored at 4 °C and —20 °C showed a similar trend, those stored
at —20 °C exhibited a larger size at various time points compared to
those stored at 25 °C and 4 °C. This discrepancy is presumably due to the
effects of the freeze-thaw process on particle integrity. In the investi-
gation of nanoparticles suspended in phosphate-buffered saline (PBS) at
25 °C, dynamic light scattering (DLS) results revealed an initial size of
approximately 280 nm and after one day, the size increased to 2 ym
suggesting a propensity for aggregation in an ionic environment
(Fig. 8b). The presence of salts in PBS may enhance inter-particles in-
teractions, leading to clustering and an increased hydrodynamic radius
[44]. In contrast, nanoparticles stored in PBS at 4 °C exhibited minimal
size fluctuations and a lower rate of size increase compared to those
maintained at higher temperatures, implying that lower temperatures
contribute to the stabilization of PEI/DNA complexes by reducing ki-
netic energy and inhibiting aggregation. However, nanoparticles stored
at —20 °C in PBS demonstrated a significant increase in size, reaching
approximately 2 um after 5 days, indicating that the ionic environment
exacerbates the effects of freeze-thaw cycles on particles size and
decondensation. Furthermore, nanoparticles stored in RPMI media at 25
°C maintained a stable size for 3 days, averaging around 300 nm, which
suggests that the nutrient-rich components in RPMI 1640 may play a
stabilizing role under moderate conditions (Fig. 8c). Conversely,
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Direct transfection in a plate with hypotonic media. v) Reverse transfection in a vial with RPMI 1640 media. Vi) Reverse transfection in a vial with RPMI 1640 media
and hypotonic media. B) Quantification of the uptake rate of PEI/DNA nanoparticles into Jurkat cells under different transfection conditions.

nanoparticles stored at —20 °C exhibited a substantial increase in size on
the first day of storage, highlighting the high sensitivity of PEI/DNA
particles to freeze-thaw processes. Notably, nanoparticles stored in
RPMI 1640 at 4 °C showed a larger size compared to those at 25 °C; yet
particle size remained relatively consistent at lower temperatures over a
period of 5 days. Overall, in all conditions, the gradual increase in
average size suggests that particle de-condensation is a continuous
process in ionic and nutrient-rich media, further exacerbated by
freeze-thaw conditions. PEI/DNA complexes demonstrated greater sta-
bility in nutrient-rich RPMI 1640 medium, particularly during days 1-3,
indicating partial stability that is dependent on the thermal environ-
ment. In contrast, PEI/DNA complexes in ionic buffers like PBS tend to
aggregate more rapidly, resulting in increased particle sizes over time,
especially under elevated temperatures. Surprisingly, PBS at 4 °C was
the most suitable condition for long-term storage of PEI/DNA particles,
minimizing size variations and aggregation while ensuring particle
stability over time.

Moreover, as shown in Fig. 8d, nanoparticles retained their DNA
binding capacity across all temperatures and buffer conditions
throughout the 7-day stability test. These findings highlight the impor-
tance of selecting appropriate buffer and temperature conditions for the
storage and manipulation of PEI/DNA complexes. Future studies may
focus on optimizing buffer formulations or incorporating stabilizing
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agents to enhance the robustness of PEI/DNA nanoparticles under
various conditions.

3.18. Limitations and benefits

This optimization study, opens new avenues for the design of low-
cost and high-efficiency non-viral gene delivery systems, thereby
enabling the production of engineered T cells for clinical purposes.
Moreover, this optimized transfection process can be extensively and
easily utilized in screening experiments for the tailoring and
manufacturing of CAR T cells. The design of novel and efficient CAR T
cells necessitates iterative engineering of the CAR structure; thus, using
this optimized PEI/DNA nanoparticle-based gene delivery provides a
rapid tool for the screening and selection of CAR constructs without the
need to provide new viral carriers for each construct[16].More impor-
tantly, one of the main approaches to reducing the cost of CAR T cells is
the use of inexpensive non-viral gene delivery methods instead of
traditional viral gene delivery methods. In other words, this study
demonstrates a cost-effective and efficient approach to non-viral gene
delivery to T cells, which is pivotal for clinical applications. The opti-
mized complexation process facilitates broader use in screening exper-
iments, accelerating the development of CAR T cells. In terms of
limitations, the scope of this study may be restricted to certain T cells
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populations, and its applicability to other cell types remains to be
explored. Moreover, while high PEI binding capacity is advantageous for
initial complex formation, it may inadvertently hinder subsequent DNA
release, negatively impacting transfection efficiency. This observation
underscores the delicate balance between binding capacity and release
efficiency in optimizing transfection protocols. Additionally, the
long-term efficacy of the optimized nanoparticles in various therapeutic
contexts have yet to be established, necessitating further investigation.

4. Conclusions

Immune cell engineering has recently gained significant attention
due to its potential clinical applications. Various strategies have been
devised to assist in the genetic manipulation of T cells, which play a
crucial role in immunotherapy. The development and enhancement of
gene delivery methods are critical, given the hard-to-transfect nature of
these cells. In this study, we aimed to comprehensive evaluation of the
factors influencing PEI-mediated transfection of T cells. The PEI was
complexed with DNA to form size- and charge-tunable nanoparticles
that remained stable in the presence of serum nucleases. The release
study validated that, the nanoparticles at an N/p ratio of 2 released a
greater amount of DNA compared to those at an N/P ratio of 8. Using a
luciferase gene reporter, we found that PEI/DNA nanoparticles effec-
tively transfected Jurkat cells at an N/P ratio of 8, which differed from
the observations made in adherent cells. More importantly, the nano-
particles at this N/P ratio demonstrated an acceptable safety profile in

Jurkat cells. Furthermore, we determined that 2000 cells per pl of me-
dium and a dose of 2 pg per 100 uL of medium yielded the highest
transfection efficiency. Notably, our results indicated that transfection
in a 1.5 ml vial instead of a tissue culture plate, resulted in a higher
transfection rate in Jurkat cells. This is presumably due to the reduced
space, which increases the probability of interaction between cells and
nanoparticles. Surprisingly, the results of this study confirmed that
transfection in a vial versus a plate exhibited different efficiencies in
reverse and direct approaches. Moreover, modulating cellular physi-
ology by adjusting the acidity and tonicity of the transfection medium
significantly enhanced PEI-mediated transfection of T cells. Addition-
ally, the cellular uptake study confirmed that reverse transfection in a
vial and the use of hypotonic medium intensified the uptake of nano-
particles. Importantly, the nanoparticles remained relatively stable in
RPMI 1640 medium at 25°C with an appropriate size for 3 days, and in
PBS at 4°C for 7 days. We believe that the findings of our experiment
may be applicable in high-cost studies aimed at developing novel
immune-engineered T cells.
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