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SUMMARY

Triple-negative breast cancer (TNBC) is the most aggressive subtype
of breast cancer. It lacks hormonal and growth factor receptors
commonly expressed by other types of breast cancer, making it difficult
to trear by conventional treatments. Although gene therapy might
be a therapeutic option, delivery of genes into TNBC cells is still
an obstacle. In this study, it was aimed to overcome this obstacle by
Jolic acid (FA) conjugated polyplex formulations to target the folate
receptor, which has been reported to be overexpressed in TNBC cells.
Non-covalent complexes of FA and linear polyethyleneimine (LPEI)
pobyplexes (FA-LPEI polyplexes) were prepared at six different ratios.
After characterization studies, cytotoxicity and transfection ability
were evaluated. Conjugation of FA by increasing amounts of LPEI
pobyplexes increased the size from 204.1 ro 469.8 nm. Their PDI
values were between 0.31-0.51, and zeta potentials were positive.
After treatment with polyplex formulations, cell viability decreased
significantly, starting from 3:1(wiw) LPEI.pDNA ratio and from
3:3:1 (wiwlw) FA:LPEL:pDNA ratio. Cell viability decreased below
70%, only above the 5:1 (w/w) LPEL.pDNA ratio. Adding of FA
to polyplex formulations reversed the cytotoxicity of P3, P4, and P5
Jformulations. Although LV-RFP pDNA was delivered successfully
into 4T1 cells by all formulations, fluorescent microscope images
showed that the optimal formulations were FA-P3 and FA-P4. This
gene delivery system, generated by the non-covalent conjugation of
FA to polyplexes, increased the uptake and decreased the cytotoxicity
of LPEI polyplexes. Non-covalent complexes of FA-PEI polyplexes
represent promising delivery systems in gene therapy, directed against
cancer cells expressing folate receprors.
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Uglii-Negatif Meme Kanseri Hiicrelerine Folik Asit-Polietilenimin
Polipleksleri ile Gen Aktarim:

0z

Uglii-negatif meme kanseri (TNBC), meme kanserlerinin en agresif alt
tipidir ve diger meme kanseri tiirleri tarafindan yaygin olarak cksprese
edilen hormonal ve biiyiime faktorii reseptorlerinden yoksundur, bu
durum mevcut tedavilerle tedavi edilmesini zorlastirmaktadir. Gen
tedavisi terapitik bir secenck olabilse de, genlerin TNBC hiicrelerine
aktaridmas: hala bir engeldir. Bu ¢almada, TNBC hiicrelerinde
asiry eksprese edildigi bildirilen folat reseptiriinii hedefleyen, folik asit
(FA) konjuge edilmis polipleks formiilasyonlar: ile bu engelin agilmas:
amaglands. FA ve dogrusal polietilenimin (LPEI) poliplekslerinin
(FA-polipleksleri) kovalent olmayan kompleksleri altr farkls oranda
hazirland. Karakterizasyon calismalaridan sonra, hiicre toksisitesi ve
transfeksiyon yetenegi degerlendirildi. Folik asitin artan mitktarlarda
LPEI polipleksleri ile konjugasyonu, boyutu 204.1 nmden 469.8 nmye
yiikseltti. PDI degerleri 0.31-0.51 arasinda olup, zeta potansiyelleri
pozitifti. Hiicre canliigs, polipleks formiilasyonlar: wygulandiktan sonra,
3:1 (ala) LPEL.pDNA oramindan ve 3:3:1 (alala) FA:LPEL.pDNA
oranindan baglayarak anlamly oranda azald:. 5:1 (a/a) LPEL:;pDNA
oramimin iigerinde, hiicre canlihgs %70%in altina diistii. Polipleks
Jformiilasyonlarima FA eklenmesi, P3, P4 ve P5 formiilasyonlarmin
sitotoksisitesini tersine gevirdi. LV-RFP pDNA, tim formiilasyonlar
tarafindan 4T1 hiicrelerine basardy bir sekilde aktarildigs halde,
floresan mikroskop goriintiileri optimum formiilasyonlarm FA-P3 ve
FA-P4 oldugunu gosterds. Folik asidin poliplekslere kovalent olmayan
konjugasyonu ile hazirlanan bu gen tagtyica sistem, LPEI poliplekslerinin
hiicre igine alimini  arttirds ve  sitotoksisitesini  azalttr.  FA-PEIT
poliplekslerinin - kovalent olmayan  kompleksleri, folar reseptoriinii
eksprese eden kanser hiicrelerine gen aktariminda kullanilabilecek gelecek
vaadeden tagiyici sistemlerdir.

Anabtar Kelimeler: Uglii-negatif meme kanseri, gen tedavisi,
taseyict sistem, folik asit, polietilenimin, polipleks
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INTRODUCTION

Cancer is a complex disease, which is developed
by the uncontrollable proliferation of cells. Various
cancer treatment methods are chosen based on the
type, stage, prognosis, and individual circumstances.
Surgery, chemotherapy, biological therapy, and radio-

therapy are among the available forms of treatment.

One of the most prevalent cancers affecting wom-
en worldwide is breast cancer (Siegel et al., 2021).
Breast cancer can be divided into numerous sub-
types based on histological and molecular properties
(Zubair et al., 2021). The most aggressive and fatal
subtype of breast tumors is triple-negative breast can-
cer (TNBC) (Sharma et al., 2010). In contrast to oth-
er subtypes, TNBC lacks estrogen, progesterone, and
human epidermal growth factor receptor 2 (HER2).
TNBC cells are resistant to available therapies, and
there is currently no effective and targeted therapy
therefore, alternative treatment methods are required
(Zubair et al., 2021; Kumar & Aggarwal, 2016).

Gene therapy is a potentially beneficial can-
cer treatment approach. It consists of the delivery
of genes such as “DNA, RNA, mRNA, siRNA, anti-
sense oligonucleotide, CRISPR/Cas9 system, ZFNs,
and TALENS” to patients to repair responsible dam-
aged genes that cause disease (European Medicines
Agency, 2018; Demir-Dora, 2021; Cesur-Ergiin &
Demir-Dora, 2023). The European Medicines Agen-
cy (EMA) defines gene therapy medicinal products
as “those that contain genes that have therapeutic,
prophylactic, or diagnostic effects and are applied to
repair the tissue damage, replenish the deficiencies to
maintain the functionality of the body, and prevent
the expressions of unwanted genes” (European Medi-

cines Agency, 2018).

By manipulating genetic material to repair or
modify dysfunctional genes, suppress their expres-
sion, or introduce therapeutic genes to counteract the
disease process, breast cancer gene therapy offers a

promising way to increase the efficacy of conventional
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treatments and lengthen survival rates (Dastjerd et al.,
2022). Targeted gene therapy aims to deliver related

genes only to target cells or tissues (Esam et al., 2021).

For successful gene therapy, non-viral vectors
must be designed specifically for the cell type to deliv-
er the cargo into the target cells (Demir-Dora, 2021).
Many diseases, including cancer, make cells express
specific cell surface receptors at higher levels (Antig-
nani et al., 2020). By attaching ligands or antibodies to
vectors that match these receptors, gene therapy vec-
tors can be designed to bind preferentially to the tar-
geted cells (Patil et al.,, 2019; Krystofiak et al., 2012).

The folate receptor is a glycoprotein in the cell
membrane that is primarily expressed in epithelial
cancer cells (Prabhu et al,, 2015). They are attractive
targets for delivering therapeutic genes to cancer cells
specifically because they are overexpressed in various
cancers, including ovarian, lung, and breast cancer.
Folic acid (FA) acts as a ligand that can bind to gene
delivery systems by chemical modifications. FA is
more important for the proliferation of cancer cells
than it is for normal cells. Cancer cells use the folate
receptor (FR) for external folic acid uptake because
they cannot produce folic acid independently. This al-
lows them to grow and maintain themselves. Higher
levels of FR expression are observed on the surface
of solid tumors (Jahan et al., 2021; Krystofiak et al,,
2012).

Non-viral gene delivery vectors can be prepared
by natural or synthetic polymers. In research stud-
ies, cationic polyethyleneimine (PEI), poly(L-lysine),
chitosan, and cyclodextrin are mainly used polymers
besides poly[2-(dimethylamino) ethyl methacrylate]
(PDMAEM) and poly (amidoamine) (PAMAM) den-
drimers (Fahira et al, 2022; Yuan & Li, 2017; Kiigiik-
tirkmen et al., 2017; Saka & Bozkir, 2012; Salva et al.,
2013; Masimov & Biiytikkéroglu, 2023, Demir-Dora
& Oner, 2023). Because of its strong buffering ability at
the acidic endosomal pH, PEI has endosomolytic ac-
tivity (Fahira et al., 2022; Sabin et al., 2022). PEI/DNA
complexes help DNA pass through the cell membrane
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during endocytosis by adhering to negatively charged
proteoglycans on the cell surface. Different PEI forms
and molecular weights can affect a PET’s effectiveness
and toxicity in the delivery of genes (Ahn et al., 2002).
Although linear PEIs (LPEIs) have a low molecular
weight and are not toxic, their effectiveness in gene
delivery is limited. Branched PEIs (BPEIs) are toxic
and have a high molecular weight, but they also have a
high transfection efficiency (Zakeri et al., 2018).

In this study, a novel polymeric delivery system
was developed for plasmid DNA (pDNA) delivery
into triple-negative breast cancer cells, which are
very difficult to transfect. Electrostatic interactions
between negatively charged pDNA and positively
charged LPEI were used to prepare PEI polyplexes. By
non-covalent binding of FA to PEI polyplexes, a new
gene delivery system was obtained (FA-PEI polyplex-
es) with various FA, LPEI, and pDNA amounts. The
obtained polyplex formulations were characterized by
their particle sizes, polydispersity indexes, and zeta
potential values. Cytotoxicity and transfection ability

of these formulations were evaluated on 4T1 cells.
MATERIALS AND METHODS
Materials

LPEI (Polysciences; Inc Cat. No. 23966, MW: 25
kDa) was used as a cationic polymer. Plasmid pLV-
RFP (Beronja et al.,, 2010), which encodes red fluo-
rescent protein, was from Addgene (Addgene plas-
mid #26001). The DNA isolation kit was QIAGEN
(Cat No/12162). 4T1 cells were from ATCC. All other

chemicals were from Sigma & Aldrich.
Isolation of Plasmid DNA

E. coli DH5a cells, which were made competent
by the CaCl, method, were used for amplification of
pLV-RFP pDNA. After the Ampicillin selection of
transformants, pPDNA was purified by QIAGEN maxi
kit. The purity of pDNA was checked by either elec-
trophoretic mobility on 1% (w/v) agarose gel or eval-
uating (A260 nm / A280nm) UV absorbance values.

Preparation of formulations

Polyplex formulations were prepared by using
LPEI and LV-RFP pDNA. 1 pg/uL pDNA solution
and 1mg/mL LPEI solution were prepared in ul-
tra-pure (DNase/RNase-Free) distilled water (pH
7.0). LPEL:pDNA complexes (polyplexes) were freshly
prepared at increasing amounts of LPEI to the con-
stant amount of pDNA (1 pg) at 1:1, 2:1, 3:1, 4:1, 5:1,
6:1 (w:w) ratios and labeled as P1, P2, P3, P4, P5, and
P6 subsequently. pDNA was added to LPEI solution
and, after mixing, incubated at 37°C for 30 minutes to

allow complete binding via electrostatic interactions.

Non-covalent FA:LPEL:pDNA polyplex formu-
lations were prepared at increasing amounts of FA
and LPEI to the constant amount of pDNA (1 pg)
at 1:1:1, 2:2:1, 3:3:1, 4:4:1, 5:5:1, 6:6:1 (w/w/w) ratios
and labeled as FA-P1, FA-P2, FA-P3, FA-P4, FA-P5
and FA-P6 subsequently. FA was mixed with polyplex
formulations and incubated at 37°C for 30 minutes to
allow complete binding via electrostatic interactions.
Non-covalent complex formation and pDNA binding
ability were evaluated by gel retardation assay by 1%
(w/v) agarose gel electrophoresis. Samples were run
at 90 v for 60 min in 1% TAE buffer, pH 8.0. FA:L-
PEL:pDNA polyplex formulations were freshly pre-

pared before use at all stages.
Physicochemical characterization

For the physicochemical characterization of poly-
plex and FA-LPEI polyplex formulations, measure-
ments of particle size (z-average), polydispersity in-
dex (PDI), and zeta potential (surface charge) were
carried out. Dynamic light scattering (DLS) (Mal-
vern Zetasizer ZEN3600, UK) was used to measure
the mean particle diameter (Z-average) and the PDI
of non-covalent polyplexes. At least, three copies of
each measurement were made at room temperature.
The zeta potential was calculated using the pure wa-
ter’s viscosity and dielectric constant and measured
using laser Doppler velocimetry at 25°C on the same

instrument.
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Evaluation of cytotoxicity

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphen-
yltetrazolium bromide (MTT) assay was used to assess
the cytotoxicity of formulations on the 4T1 cell line.
RPMI 1640 medium supplemented with 10% FBS, 2
mM L-glutamine, and penicillin-streptomycin (100
IU/mL penicillin, 100 pg/mL streptomycin) was used
to culture 4T1 triple negative mouse breast cancer
cells in a 96-well plate at a density of 15x10° cells/well.
The cells were then incubated for 24 hours at 37°Cin a
humidified atmosphere of 5% CO,. After incubation,
the growth medium was removed, and PBS (pH 7.4)
was used to wash the cells. Following the addition of
100 uL of fresh medium (control group), formulations
of polyplex or FA-polyplex, as well as fresh medium,
were added. 20 uL of MTT (AppliChem, A2231) solu-
tion (5 mg/mL in PBS) was added to each well after
the initial incubation period, and the cells were then
incubated at 37°C for an additional 4 h. To dissolve
formazan crystals, which are produced by live cells,
100 uL of DMSO (Sigma D8418) was added to the

culture medium after the incubation period.

Using a microplate reader, the optical densities of
each well were measured at 570 and 630 nm. To elim-
inate the background absorption, blank samples were
used. The percentage of absorbance that was used to
measure cell viability in comparison to the control
group of cells that had been given the culture medium
was calculated. For each sample, three replicates were

carried out.
Evaluation of transfection ability

Transfection studies were done in three groups
to evaluate the effect of folic acid. In the first group
(Group A), freshly prepared PEI polyplexes by in-
creasing amounts of LPEI (P1 to P6) were used for
transfection studies. In the second group (Group B),
non-covalently bound FA-LPEI polyplex formula-
tions (FA-P1 to FA-P6) were used. In the third group
(Group C), 1 mM FA was added to the RPMI 1640 me-
dium to test whether FA added into the media could

lead to a similar transfection for LPEI polyplexes.
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RPMI 1640 medium supplemented with 10% FBS,
L-glutamine, and penicillin-streptomycin was used to
maintain 4T1 cells. Before transfection experiments,
4T1 cells (15x10° cells/well) were cultured for 18
hours in a humidified incubator (5% CO,) at 37°C.
Cells were then incubated with formulations of LPEI
polyplexes and folic acid-polyplexes for 4 hours at
37°C and washed with PBS after the incubation pe-
riod. For groups A and B, fresh growth medium and
for group C, growth medium containing ImM folic
acid was then added to the wells. After 24, 48, and 72
hours, the fluorescence signal was evaluated under

the fluorescence microscope.
Statistical analysis

All experiments’ results were presented as means
+ standard deviation. The SPSS® statistical package,
S®version 26.0 (SPSS, Inc., Chicago, IL, USA), and the
GraphPad Prism version 5 (GraphPad Software, San
Diego, CA, USA) for Windows® were used to conduct
the statistical analyses. One-way ANOVA was used to
analyze the data, and Tukey’s post-hoc test was used
to determine its statistical significance. Significant re-

sults were defined as p-values < 0.05.
RESULTS AND DISCUSSION

TNBC is the most aggressive subtype of breast
cancer. It lacks hormonal and growth factor receptors
commonly expressed by other types of breast cancer,
making it difficult to treat by conventional treatments
used in breast cancer. Although gene therapy might
be a therapeutic option, delivery of genes into TNBC
cells is still an obstacle. The folate receptor, which
has been reported to be overexpressed in 4T1 mouse
TNBC cell lines, offers a good choice for targeting
TNBC cells (Jahan et al., 2021; Krystofiak et al., 2012).

A new non-viral gene delivery system was created
in this study by non-covalently conjugating FA. It was
characterized and tested on the 4T1 mouse TNBC cell
line for pDNA condensation ability, cytotoxicity, and
transfection ability.
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Preparation of formulations

Formulation of effective delivery systems that can
accurately deliver genes into target cells is a complex
process, and optimizing this process is essential for
success. Nonviral gene delivery systems must be spe-
cially created for the genetic material and cell type to
have a therapeutic effect on target cells (Mohammadi
et al,, 2023; Ren et al., 2019). To improve the stability,
cellular uptake, and intracellular trafficking of pDNA,
viral or non-viral gene delivery systems are used.
TNBC is one of the cancer cells that express folate
receptors, and FA-conjugated polyplexes represent
promising vectors in gene therapy targeted against
these cells (Jiang et al., 2011; Laemon & Low, 2001;
Lu & Low, 2012; Cao et al., 2020; Jahan et al., 2021).

This study aimed to develop a non-viral polymeric
gene delivery system due to LPET’s low toxicity and
cost-effectiveness. By non-covalently conjugating FA
to LPEL:pDNA complexes, a new gene delivery system
was developed. Electrostatic interactions between the
negatively charged LV-RFP pDNA phosphate groups
and protonated nitrogen atoms of the LPEI resulted
in the formation of polycation/pDNA complexes. The
purity range for pDNA was 1.8 to 2. Our previous
research demonstrated that LPEI complexes can con-
dense pDNA starting at a polymer:pDNA ratio of 1:1
(w/w), which corresponds to an N/P of 3 (Demir-Do-
ra & Oner, 2023).

Non-covalent conjugated FA:LPEL:pDNA poly-
plex formulations were prepared by complexation of
an increased amount of FA and LPEI with the con-
stant amount of pDNA (1 pg) at 1:1:1, 2:2:1, 3:3:1,
4:4:1, 5:5:1, 6:6:1 (w/w/w) ratios. A gel retardation
assay was performed to evaluate the pDNA conden-
sation ability of FA-LPEI polyplex formulations. In
all FA-LPEI polyplex formulations, pPDNA migration
was wholly inhibited at all ratios while the free pPDNA
moved from the well (Figure 1).

Figure 1. Gel retardation assay photograph of FA-
LPEI polyplexes containing increasing amounts
of FA and LPEI polymers and constant amount of
LV-RFP pDNA between 1:1:1 and 6:6:1 (w/w/w)
FA:LPEL:;pDNA ratios. Lane 1: DNA mw marker (1
kb plus DNA ladder, Thermo), Lane 2: Naked LV-
RFP pDNA (7539 bp), Lane 3: FA-P1, Lane 4: FA-P2,
Lane 5: FA-P3, Lane 6: FA-P4, Lane7: FA-P5, Lane 8:
FA-P6

Due to its effectiveness, affordability, ability to
form electrostatic complexes, and interaction with
cell membranes, PEI is widely utilized in developing
gene and drug delivery systems. The condensation of
pDNA by PEI polyplexes is a critical step in gene de-
livery, as it enhances the stability, cellular uptake, en-
dosomal escape, nuclear localization, and expression
of the delivered gene (Mohammadi et al., 2023; Zakeri
etal., 2018).

Characterization of gene delivery systems

The physical characteristics of the non-viral deliv-
ery systems, such as size, surface charge, and the pres-
ence of various functional groups, can impact their ef-
fectiveness, cell toxicity, and cellular uptake (Honary
et al., 2013). By measuring particle size, PDI, and zeta
potential, LPEI polyplexes and FA-LPEI polyplexes
were characterized. Table 1 presents the findings for
all formulations prepared at different amounts and
ratios of FA, LPEL and pDNA.
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The polyplex sizes ranged between 181.6 nm and
416.1 nm for LPEI polyplexes and 204.1 nm and
469.8 nm for FA-LPEI polyplexes. Smaller nanocar-
riers were obtained for P1 and FA-P1 formulations,
which represented 1:1 LPEL:pDNA (w/w) and 1:1:1
FA:LPEI:)pDNA (w/w/w) ratios. As the polymer
amount increased, the particle size tended to increase
as expected. FA-LPEI polyplexes had a bigger particle
size compared to the LPEI polyplexes. If the delivery
vector has a small size of <200 nm, entry into the in-
tracellular compartment will be easy (Valente et al.,
2021). Although the FA-LPEI polyplexes have a big-
ger size, they have FA ligands to target folate receptors
on TNBC cells.

The polyplexes’ polydispersity index (PDI) is a
crucial measure for determining particle dispersion.
A low PDI value signifies that the polyplex formula-
tions’ particle sizes are distributed quite uniformly.
Polyplexes with a narrow size distribution are more
stable over time and are less prone to aggregation or
dissociation. PDI values of less than 0.3 are consid-
ered suitable for polyplexes (Elsana et al., 2019). Ac-
cording to our results, binary polyplex formulations
P3 and P4 had 0.35 and 0.33 PDI values, respectively,
and FA-LPEI polyplex formulations FA-P3 and FA-P4
had 0.32 and 0.31 PDI values, respectively.

The stability and behavior of polyplexes in a solu-

tion are revealed by zeta potential. Due to electrostat-
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ic repulsion between particles, zeta potential levels
between +16 and +55mV are high enough to guaran-
tee colloidal stability (Elsana et al., 2019). Zeta poten-
tial can be affected by several variables, including PEI
concentration, PEI molecular weight, pDNA size, and
charge density (Valente et al., 2021).

The zeta potential results showed that PEI poly-
plex formulations were cationic, and the zeta potential
value was increased by increasing the amount of poly-
mer. After the forming of ternary polyplexes by folic
acid, zeta potential values were decreased because of
the carboxylic acid group of folic acid but remained
cationic between +20.2 mv and +28.6 mv, allowing
colloidal stability. The results of the gel retardation as-
say were also validated by zeta potential values.

Since negatively charged components of the inner
layer of the cell membrane tend to translocate, cell
surfaces, particularly cancer cell surfaces, are typical-
ly negatively charged. When the delivery system was
positively charged and could bind to anionic cell sur-
face proteoglycans, gene transfer was most effective.
Positively charged nanocarriers are more easily taken
by cancer cells than negatively charged or neutral car-
riers (Honary & Zahir, 2013). In addition to improv-
ing pDNA loading efficiency, a positive zeta-potential
also improves the effective accumulation in the target
cells (Elsana et al., 2019).
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Table 1. Characterization results of LPEI polyplexes and FA-LPEI polyplexes (n=3)

Formulation FA:I("E:ZI’:/I:VI))NA (mfli-lng) PDI +SD Ze::nnz(;tselr)l;ial
P1 0:1:1 181.6+14 0.59+0.07 +20.9+1.2
P2 0:2:1 362.0£18 0.57+0.05 +24.3+1.1
P3 0:3:1 398.2+12 0.35+0.05 +27.2+1.1
P4 0:4:1 406.4£11 0.33£0.06 +31.7+0.9
P5 0:5:1 418.0+16 0.45+0.08 +32.9+0.9
Pé6 0:6:1 416.1£13 0.61+0.09 +35.8+1.2

FA-P1 1:1:1 204.1+11 0.50£0.05 +20.2+0.9
FA-P2 2:2:1 397.4+14 0.51£0.07 +22.1+1.1
FA-P3 3:3:1 415.8+10 0.32+0.09 +25.7+0.8
FA-P4 4:4:1 430.2+12 0.31+0.08 +26.2+1.1
FA-P5 5:5:1 441.0+13 0.40+0.06 +27.9%1.2
FA-P6 6:6:1 469.8+11 0.49+0.04 +28.6+0.9

Evaluation of Cytotoxicity

The effectiveness of in vivo and in vitro gene trans-

fer is constrained by PEI’s high toxicity (Costa et al.,
2018). Cytotoxicity of LPEI polyplexes and FA-LPEI
polyplexes on 4T1 cells was assessed by the MTT as-
say. Cytotoxicity studies were done to observe the ef-
fect of folic acid on PEI polyplex toxicity and explore
the safety of polyplexes used for pDNA delivery to
4T1 cells.

The results showed that treatment of PEI poly-
plexes at 1:1 and 2:1 (w/w) polymer:pDNA ratios did
not affect cell viability, with cell viability being 94%
and 91%, respectively. After the addition of FA to P1

and P2 formulations, there was no meaningful change

(p>0,05), and cell viability was 96 % and 92 %, respec-
tively. After treatment with polyplex formulations,
cell viability was reduced compared to the naked
pDNA group and demonstrated considerable tox-
icity starting at a 3:1 (w/w) LPEL:.pDNA ratio. After
treatment with FA-LPEI polyplex formulations, cell
viability was decreased starting from 3:3:1 (w/w/w)

FA:polymer:pDNA ratio (Figure 2).

The addition of FA to the PEI polyplex formula-
tion reversed the cytotoxicity of PEI polyplex for P3,
P4, and P5 formulations. After the addition of FA to
PEI polyplex formulations, cell viability was changed
from 80% to 84%, 77% to 80%, and 65% to 69% for
P3, P4, and P5 formulations, respectively (p<0,05)
(Figure 2).
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Figure 2. Cell viability of 4T1 cells treated with LPEI polyplex and FA-LPEI polyplex formulations. Com-
parisons were made using one-way ANOVA and Tukey’s post-hoc testing, and they were as follows:*p<0.05:
LPEI Polyplex vs. FA-LPEI Polyplex; * p<0,05: pDNA vs. LPEI Polyplex or pDNA vs. FA-LPEI Polyplex;
%p<0,01: pDNA vs. LPEI Polyplex or pDNA vs. FA-LPEI Polyplex; *p<0,001: pDNA vs. LPEI Polyplex or
pDNA vs. FA-LPEI Polyplex; ¥p<0,0001: pDNA vs. LPEI Polyplex or pDNA vs. FA-LPEI Polyplex.

Transfection Studies

Transfection ability of either polyplex or non-co-
valent FA conjugated polyplex formulations was eval-
uated qualitatively in 4T'1 mouse triple-negative breast
cancer cells by using red fluorescent protein-encoding

LV-RFP pDNA with fluorescence microscopy.

All polyplex formulations successfully transfected
cells despite the large particle sizes of FA-LPEI poly-
plexes, and they all maintained cell viability for up to
72 hours. The number of transfectants was higher af-
ter treatment of P3, P4, and P5 PEI polyplex formula-
tions compared to P1, P2, and P6 PEI polyplex formu-
lations. The number of transfected cells was increased
by FA-LPEI polyplexes and FA in the growth medium
(Figure 3). FA considerably improved polyplex trans-
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fection efficiency in various cell lines in a previous

study in the presence of serum (Guo & Lee, 2001).

Nucleic acids need to get to the desired cell com-
partment to have a therapeutic impact. The plasmid
DNA has to be delivered to the cell nucleus. The pro-
ton sponge effect, brought on by the PEI’s ability to
act as a proton buffer and cause the endosomal mem-
brane to rupture, is thought to be the mechanism by
which PEI polyplexes escape from endosomes. For
the endosomal escape of the gene payload, PET’s high
buffer capacity is also advantageous. Although PEI is
a widely used transfection agent, it is inexpensive and
can be used to successfully transfer plasmid DNA to
the nucleus of cells which are very difficult to transfect
(Costa, et al., 2018; Sabin, et al., 2022; Zakeri, et al.,
2018).
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Figure 3. Qualitative transfection ability of LPEI polyplexes and FA-LPEI polyplexes. Images of red flu-
orescent protein (RFP) positive cells under a fluorescence microscope. A (1-6): Cells transfected by P1 to
P6 polyplex formulations. B (1-6): Cells transfected by FA-P1 to FA-P6 polyplex formulations. C (1-6): Cells
transfected by P1 to P6 polyplex formulations, which were incubated in the 1 mM folic acid containing medi-
um during the transfection process.

CONCLUSION

Although gene therapy might be a therapeutic op-
tion for TNBC, which is difficult to treat, delivery of
genes into TNBC cells is still an obstacle. A new gene
delivery system prepared by non-covalent conjugation
of FA to PEI polyplexes using FA as a ligand increased
the uptake of polymeric pDNA delivery systems due
to the increased overexpression of FA receptors in
TNBC cells and was associated with less cytotoxicity.
To treat cancer cells that express folate receptors, we
suggest that FA-conjugated polyplexes are promising
delivery systems. Future in vivo experimental inves-
tigations for breast cancer gene therapy will benefit
from these findings.
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