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Santosh Yadav* Ashwani Kumar Sharma and Pradeep Kumar

Nucleic Acids Research Laboratory, CSIR-Institute of Genomics and Integrative Biology, Delhi University Campus, Delhi, India

Here, we have demonstrated that on modification of linear polyethylenimine (IPEI, LP) with
amphiphilic  3-bromopropyltetramethylguanidinium (PTMG) linker, the transfection
efficiency exhibited by the modified polymers decreased while cell viability improved. A
series of LP-PTMG polymers was synthesized by the reaction of varying amounts of 3-
bromopropy! tetramethylguanidinium linker with IPEI (25 kDa). These modified polymers
interacted efficiently with pDNA and formed nanosized complexes as shown by dynamic
light scattering analysis. The size of the complexes in the series LP-PTMG/pDNA was
observed in the range of ~178-205 nm. The interaction of modified polymers with plasmid
DNA was stronger than linear PEI as evidenced by heparin release assay which showed
~83% pDNA release from LP-PTMG-3/pDNA complexes in comparison to ~95% in IPEI/
PDNA complexes on treatment with same amount of heparin suggesting the formation of
self-assembled structures in modified polymers. The transfection studies in Hela and
Chinese hamster ovary cells showed a decrease in transfection efficiency of LP-PTMG
polymers, the reason for this may be strong binding of modified polymers with pDNA due
to accumulation of charge on the surface. This finding showed the significance of optimum
binding of polymer and DNA to form polyplexes as well as release of DNA from the polyplexes.

Keywords: Gene delivery, cytotoxicity, Nanoparticles, polyethylenimine, Self-assembly

INTRODUCTION

Gene therapy, considered to treat acquired or genetic diseases by precisely transferring genetic
material as therapeutics into particular cells of a patient, has become a fascinating field since the use
of 1* human gene therapy trial in 1990s (Xiao et al., 2018). The clinical application of gene therapy
depends primarily on the safety and efficiency of gene delivery vectors. Nucleic acid delivery vectors
are generally categorized as viral and non-viral ones. The concerns associated with the use of viral
vectors is their biosafety issue and immunogenic nature which hamper their use in clinical trials
(Mali, 2013). On the other hand, the non-viral vectors for gene therapy are attracting attention of the
researchers to develop them as therapeutic carriers mainly due to safety, biocompatibility and easy
synthesis/manipulation. Moreover, the non-viral vectors in comparison to viral vectors can carry
large sizes of cargo molecules i.e., therapeutic nucleic acids (Durymanov and Reineke, 2018). Non-
viral or chemically synthesized vector systems such as polymers, peptides, cationic lipids, and
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dendrimers, etc. offer prospective routes for compacting DNA for
systemic delivery (Aratjo et al., 2018; Zakeri et al., 2018). As viral
vectors have evolved mechanisms to conquer cellular barrier and
integrate DNA into host cells by escaping the host immune defence
system but limitations associated with non-viral vectors are their
inadequate transfection efficiency due to a variety of extra- and
intracellular barriers.

Among various cationic polymers, polyethylenimines have
been used enormously as vector for gene delivery, due to
intrinsic attribute of compacting nucleic acids as well as
possession of proton sponge feature (Boussif et al., 1995; Behr,
1997; Guillem and Alifio, 2004). PEI possesses a high density of
different amine groups which can be protonated. Linear PEI
(IPEI) possesses mainly secondary amines. IPEI has been assumed
as an alternative to bPEI due to its reduced toxicity in comparison
to bPEL But it exhibits low transfection efficiency in comparison
to bPEI due to its poor solubility as well as it forms loose
polyplexes with nucleic acids which leads to decomplexation
prior to reaching the target site resulting in damage to
unprotected DNA by nucleases and other enzymes. Various
modifications have been incorporated to tackle these issues,
leading to enhancement in transfection efficiency of linear PEI
(Zakeri et al., 2018). Recently, tetramethylguanidinium modified
branched polyethylenimine polymers have been reported to
exhibit high transfection efficiency with low toxicity (Mahato
et al., 2012; Mahato et al., 2013; Yadav et al., 2014b; Mahato et al.,
2014). Tetramethylguanidine (TMG), being a superbase, provides
higher charge density with an ability to condense nucleic acids
more strongly. Keeping this point in mind, it was anticipated that
substitution of TMG moieties on linear polyethylenimine would
improve pDNA binding as well as cellular uptake that would
result in improved transfection efficiency without compromising
on toxicity. The enhanced uptake would be due to efficient
interactions between linear polyethylenimine-propyl TMG
(LP-PTMG) polymers and cell membrane.

Therefore, in the present study, TMG bearing amphiphilic linker
molecule, 3-bromopropyl tetramethylguanidinium, was synthesized
and used for the tethering onto the backbone of IPEI IPEI was
grafted  with  amphiphilic =~ cationic  linker,  propyl
tetramethylguanidinium (PTMG), having hydrophobic alkyl
chain and positively charged N, N, N, N-tetrametylguanidinium
group. A series of amphiphilic LP-PTMG polymers with varying
amounts of PTMG linker was obtained. Further, the series of LP-
PTMG polymers was physicochemically characterized and assessed
for their cellular toxicity and gene delivery (transfection) efficiency in
HeLa and CHO cells. The toxicity and transfection efficiency of
series of LP-PTMG polymers was evaluated in comparison to native
IPEI (25 kDa) as well as widely used branched PEI (bPEI).

MATERIALS AND METHODS

Cell Culture

HeLa (Human cervical cancer) cells were maintained in high
glucose Dulbeccds modified eagle’s media (DMEM) and CHO
(Chinese hamster ovary) cells in HAM’S F-12 media,
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supplemented with 10% heat inactivated FBS along with
antibiotic cocktail of streptomycin and penicillin (1%) with all
the media components dissolved in autoclaved MiliQ water. The
cells were grown at 37°C in an incubator containing 5% CO, and
95% relative humidity.

Plasmid Extraction

For transfection experiments, the pDNA for enhanced green
fluorescent protein (EGFP) gene was transformed in E. coli
DH5a bacterial strain. The plasmid was isolated from
transformed bacterial culture using Endofree Maxi-Prep kit
from Qiagen. The concentration and quality of the extracted
pDNA was determined by recording the absorbance at 260 nm
and taking ratio of absorbance at 260/280.

Synthesis of LP-PTMG Polymers

The synthesis of LP-PTMG polymers was accomplished as
described in our previously published article (Yadav et al.,
2018). Briefly IPEI (25kDa) was conjugated to 3-
bromopropyl tetramethylguanidium linker by mixing both
the components in appropriate amounts in methanol at 60°C
for 24 h. Concentration followed by dialysis in water yielded
LP-PTMG polymers. The series of LP-PTMG polymers with
4, 6, 8, and 10% attempted substitutions was named as LP-
PTMG-1, LP-PTMG-2, LP-PTMG-3, and LP-PTMG-4,
respectively.

Formation of LP-PTMG Polymer/pDNA

Complexes

pDNA complexes of LP-PTMG polymers were fabricated in
aqueous environment at different w/w ratios of 1.66, 3.33, 5.0,
6.66, 8.33, and 10.0. Briefly, pDNA (1 ul, 300 ng/pl) was
mixed with different amounts of LP-PTMG polymer
solutions (1 mg/ml) followed by addition of 20% dextrose
(5 ul). The final reaction mixture was prepared upto 20 pl with
H,O followed by incubation at an ambient temperature for
30 min before using them for physico-chemical and biological
studies.

Physical Characterization of LP-PTMG

Polymer/pDNA Complexes

The size and zeta potential of series of LP-PTMG/pDNA
polyplexes were measured using Zetasizer Nano ZS
instrument. The hydrodynamic diameter of the modified
polyplexes at their best working w/w ratio of 8.33, in terms
of transfection, in aqueous environment and 10% FBS were
calculated in triplicates in automatic mode by Zetasizer using
dynamic light scattering analysis. Each measurement
presented an average value of twenty runs and the results
representing the average value of three experiments carried
out independently.

Similarly, the surface charge on the polyplexes were measured
in terms of zeta potential values in aqueous environment as well
as 10% FBS. The zeta potential of polyplexes at w/w ratio of 8.33
were calculated on a Zetasizer Nano-ZS by carrying out thirty
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runs in triplicates. The average values of zeta potential are
presented automatically using Smoluchowski approximation
from electrophoretic mobility which is calculated by
performing laser Doppler electrophoresis on sample.
Morphology as well as size of LP-PTMG-3/pDNA polyplex
were further examined transmission electron microscopically
(TEM) at the same w/w ratio. For TEM imaging, 1% w/v
solution of uranyl acetate was used as negative stain to
enhance the contrast in TEM image of the LP-PTMG-3/
pDNA polyplex.

Buffering Capacity

IPEI and LP-PTMG polymers’ ability to resist protonation was
demonstrated experimentally employing acid-base titration
assay (Benns et al, 2000). A suspension of LP-PTMG
polymer (3 mg/ml) in 30 ml 0.1 N NaCl was taken in 50 ml
falcon tube and pH of this solution was increased upto pH 10
with addition of 0.1 N NaOH solution. Then 20 pL aliquots of
0.1 N HCI were added to this solution and measured the pH
values after each addition. The addition of 0.IN HCIl was
continued till the pH value reached pH 3.0. A graph was
sketched between amounts of HCl consumed vs. pH of the
solution which demonstrated the buffering capacity of the
system. It is considered that a polymer having good
buffering capacity either resists a change in pH or exhibits a
very minor variation in pH when a small quantity of strong
acid or base is added.

Electrophoretic Mobility Shift Assay (EMSA)
EMSA was performed to determine the quantity of LP-PTMG
polymer necessary for complete offsetting of negative charge of
pDNA taken in the experiment. The IPEI and LP-PTMG
polyplexes with 0.3 ug pDNA were formed at w/w ratios of
polymer/pDNA at 0.16, 0.26, 0.40, 0.50, 0.66, 0.83, and 1.0.
The polyplexes were kept at 25°C for 0.5h followed by
addition of 2 ul of Orange G loading dye (10x). Agarose gel
(0.8%) with ethidium bromide staining dye was casted on a
casting tray. The polyplexes were loaded on wells of agarose
gel dipped in 1x TAE (Tris-acetic acid-EDTA) buffer and
electrophoresis was carried out at 100V for 1h in 1x TAE
buffer. After 1h, electrophoresis was stopped and the bands
were visualized under ultraviolet transilluminator using G:BOX
gel documentation system.

In vitro Transfection Studies

In the present work, in vitro transfection studies were carried
out on HeLa and CHO cells. For cell seeding, ~10,000 cells
were added to each well in 96-well plates and placed in CO,
incubator for 24-36 h for adhering to surface of wells. The
media was removed from the wells and washed with 1x PBS
once followed by addition of 60 pL serum free DMEM. pDNA
complexes of LP-PTMG and IPEI polymers were prepared at
w/w ratios of 1.66, 3.33, 5.0, 6.66, 8.33, and 10.0. The
polyplexes were kept at RT for 0.5h. The pDNA complex
of bPEI was also formed at w/w ratio of 2.66. The pDNA
complexes of LP-PTMG, IPEI, and bPEI were added gently
onto the cells in 96-well plates and kept in an incubator
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maintaining temperature of 37 °C, 95% relative humidity and
5% CO,. On completion of incubation time of 3 h, the media
was removed gently from the wells and added 100 pL DMEM
containing 10% FBS to each well followed by incubation in
CO, incubator upto 45h. After 45h, GFP gene expression
was visualized under inverted fluorescence microscope
(Nikon Eclipse TE 2000-S, Japan) having C-F1
epifluorescence filter block (B-2A) comprising of an
excitation filter (Ex 450-490 nm), Dichroic mirror (DM
505) and barrier filter (BA 520).

PDNA Release Assay

pDNA release on heparin treatment was performed to evaluate
the strength of the so formed pDNA complexes with PTMG
modified PEI polymers. Complexes of IPEI and LP-PTMG-3
polymers were prepared with pDNA at w/w ratio of 8.33 and
kept for incubation at room temperature for 0.5 h. Subsequently,
varying amount of heparin (0.2-3.0U) was added followed by
incubation for 20 min at room temperature. The samples were
loaded onto 0.8% agarose gel pre-stained with EtBr and
electrophoresis was carried out at 100 V for 60 min in 1x
TAE buffer. Subsequently, the bands were observed under
UV transilluminator and amount of pDNA released on
competitive binding of heparin with polymers was
quantified by densitometry using gene tool software
(Syngene) (Goyal et al., 2011).

Quantitative Determination of Transfection

Efficiency

FACS analysis was carried out to determine the number of
cells transfected in a population of cells. CHO and HeLa cells
were cultured in 24-well plates and transfection experiments
were performed as mentioned above in vitro transfection
studies. After 45h of incubation, the media was gently
removed followed by washing with 1x PBS. The 100 ul 1x-
trypsin solution was added to cells for trypsinization and
subsequently, 500 I DMEM was added to wells. The
trypsinized cells were collected in 1.5ml centrifuge tubes
and centrifuged at 5,000 rpm for 5min at 4°C. The cell
pellets were washed twice with 500pul of 1x PBS.
Subsequently, the cell suspension was made in 200 pl of 1x
PBS. Percent EGFP gene transfected in the cells was
quantified by Guava Easycyte Plus Flow cytometry system
consisting of Cytosoft Software. The statistics of cells
fluorescence above the control level were counted as
transfected cells while the cells from non-transfected wells
were used as control.

Cell Viability Assay

The cell viability of HeLa and CHO cells on treatment with LP-
PTMG/pDNA, IPEI/pDNA, bPEI/pDNA and the commercially
available transfection reagent, Lipofectamine/pDNA, polyplexes
was estimated by MTT assay (Tripathi et al, 2012). The
mitochondria of live «cells contain enzyme succinate
dehydrogenase which reduces MTT dye to dark purple colored
formazan crystals. These formazan crystals were dissolved in
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organic solvents. The intensity of solubilized product was
measured on a spectrophotometer at 540 nm. For cell viability
studies, the transfection was performed at same w/w ratios as
done in vitro transfection studies. After 45h, the media was
aspirated from wells and 200 pl of MTT solution (0.5 mg/ml
dissolved in media) was introduced in each well. The plate was
placed inside a CO, incubator for 2-3 h at 37°C. After 2-3 h of
incubation, the media was removed and the formazan crystals
formed at the bottom of the wells were dissolved in 100 ul MTT
lysis buffer followed by measuring the intensity of color at 540 nm
on multiwell plate reader (MRX, Dynatech Laboratories). For
calculating the cell viability percentage, the cells from untreated
wells were considered as having 100% cell viability. The relative
cell viability (%) in comparison to untreated cells were examined
using formulae: (AbSgample/ AbSconerol) X 100 (Yadav et al., 2014a).

RESULTS AND DISCUSSION

Synthesis and Characterization
Propyl-tetramethylguanidinium-grafted 1PEI polymers ie. LP-
PTMG polymer series (4%, 6%, 8%, and 10%), were prepared and
characterized as reported in our earlier publication (Yadav et al,,
2018).

The charge on the surface of the particles is an important
criteria for gene delivery vectors to assist in binding to nucleic
acids and entry into the cells. It was anticipated that
conjugation of amphiphilic PTMG to IPEI would
incorporate amphiphilic character which would facilitate
LP-PTMG polymers to form self-assembled structures
bringing the charged guanidinium moieties on the surface
of the structures. This was evidenced by the zeta potential
values of these polymers in water where surface charge on the
modified polymer series i.e. LP-PTMG was found to be in the
range of 46.5-54.8 mV, while the zeta potential of native IPEI
polymer was 18.1 mV. This drastic increase in zeta potential
value of LP-PTMG polymer series might be due to
rearrangement of LP-PTMG polymers into self-assembled
structures with cationic charged guanidinium groups were
more exposed on to the surface of these structures. These
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LP-PTMG-3/pDNA (w:w 8.33)
-
>
B
FIGURE 1 | TEM image of LP-PTMG-3/pDNA complexes.

modified amphiphilic LP-PTMG polymers interacted
electrostatically with a negatively charged pDNA producing
nano-sized particles which were assessed for their size as well
as zeta potential values using DLS. The average size of the LP-
PTMG/pDNA complexes in water at w/w 8.33 was found to be
~178-205nm (Table 1), whereas in 10% FBS, the size
decreased to ~30-40 nm (Table 1). The reduction in size of
the particles in the presence of serum might be due to
stabilization of particles by serum proteins which might
have resulted in reduction in aggregation tendency as well
as reduction in hydration tendency around the serum
stabilized individual particles (Ogris et al, 1998; Pichon
et al., 2001; Lungwitz et al., 2005; Konopka et al., 2006;
Yadav et al., 2014a). Further, we checked the stability of
LP-PTMG/pDNA particles by DLS up to 8 h and found no
significant variation in the size of the particles.

The average zeta potential of LP-PTMG/pDNA polyplexes at
w/w ratio 8.33 in water analyzed by zetasizer was found to be ~ +
20 to +30 mV (Table 1) while in 10% FBS, the zeta potential
decreased to-13.15mV to-15.36 mV. The zeta potential on the
grafted LP-PTMG/pDNA polyplexes was more in contrast to
unmodified IPEI polymer/pDNA polyplexes. Furthermore, the
zeta potential values of particles in 10% FBS was found to be

TABLE 1 | DLS studies of LP-PTMG/pDNA and IPEI/pDNA complexes

S.No Polymer/pDNA In water In 10% FBS In water In 10%
complex FBS
(w/w) Average size PDI + S.D. Average size PDI + S.D. Average zeta potential Average zeta potential
(d. nm) = S.D. (d. nm) + S.D. (mV + S.D.) (mV = S.D.)

1 IPEI/pDNA (8.33) 309.2 +188 0482+0.22 56.27+3.16 0.88 +0.07 2123+ 33 -13.03 + 1.1

2 LP-PTMG-1/ 205.06 + 15.38  0.487 + 0.1 38.97 £+ 329 0.824 +0.18 30.1 + 0.36 -19.56 + 0.42
pDNA (8.33)

3 LP-PTMG-2/ 183.06 + 3.09 0.266 + 0.01 35.64 +2.76 0.624 + 0.15 31.43 + 2.93 -17.76 + 1.46
pDNA (8.33)

4 LP-PTMG-3/ 178.06 + 7.43 0.307 + 0.05 30.12+1.20 0.576 + 0.11 30.2 + 3.55 -17.96 + 1.40
pDNA (8.33)

5 LP-PTMG-4/ 1911 £ 15677 0296 +0.02 40.30+1.38 0.786 +0.18 24.2 + 0.65 -17.08 + 1.78
pDNA (8.33)
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IPEI/pDNA

A

LP-PTMG-1/pDNA

LP-PTMG-2/pDNA
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FIGURE 2 | pDNA retardation assay of IPEI/oDNA and a series of LP-PTMG/pDNA polyplexes.

reversed in polarity. Similar results have been observed in earlier
studies also (Ogris et al., 1998; Pichon et al., 2001; Lungwitz et al.,
2005; Konopka et al., 2006; Yadav et al., 2014a).

The morphology of the particles as well as size was further
observed by TEM and found that LP-PTMG-3/pDNA
complexes at w/w 8.33 formed spherical shaped particles
with average size ~40-50 nm (Figure 1). The reason for
small size of particles observed in TEM in comparison to
that observed by DLS is due to measurement of particles in
dry state in TEM and solution state in DLS which calculates
hydrodynamic diameter of the particles (Mahato et al., 2012;
Priyam et al., 2018).

Electrophoretic Mobility Shift Assay

Each of the PTMG-grafted IPEI samples were analyzed for their
optimal binding concentration with 0.3 pug of pPDNA using EMSA.
Amount of the samples were taken from 0.05-0.3 ug. pDNA
without any polymer served as control. Complexes of LP-PTMG
series of polymers retarded the mobility of pPDNA at w/w ratio of
0.4 each, whereas native IPEI showed complete neutralization
with pDNA at w/w ratio of 0.5. PTMG-modified IPEI i.e., LP-
PTMG polymers retarded pDNA at lower w/w in comparison to
IPEI (Figure 2). This might be due to higher charge on the surface
of LP-PTMG polymers due to PTMG group. These results
revealed that modified polymers carried slightly higher charge
than the native IPEL

Buffering Capacity

After endocytosis of PEI/pDNA complex, the release of complex
from endosome occur due to intrinsic buffering capacity of IPEI
polymer (Tseng et al., 2005; Singh et al., 2015). The influence on
buffering capacity of IPEI on grafting with propyl
tetramethylguanidinium was evaluated by gradually adding
0.1 N HCI to the polymer solution and recording the change
in pH. As shown in Figure 3, the native IPEI polymer exhibited
a good buffering capacity in the pH range 3-10. The decrease
or increase in buffering capacity of PEI after modification
depends upon the type and extent of modification. Here, the
strong basicity of guanidinium group of PTMG might have
influenced the buffering capacity of the IPEI which could be
responsible for endosomal escape of the polyplexes. Among
the series, LP-PTMG-1 polymer showed a slight increase in

12
——|PEI
1o ¢ —#— LP-PTMG-1
g | LP-PTMG-2
== LP-PTMG-3
T 6 —#— LP-PTMG-4
a
2 -
0 T T T T T T 1
0 100 200 300 400 500 600 700
Volume of HCI (nL)
FIGURE 3 | Buffering capacity of IPEl and LP-PTMG polymers.

buffering capacity, while LP-PTMG-2 to LP-PTMG-4 showed
slightly decreased buffering capacity in comparison to
native IPEL

PDNA Release Assay

PDNA release assay was performed to check the binding ability
and stability of the LP-PTMG/pDNA complexes at w/w ratio of
8.33 using an anionic heparin polysaccharide in increasing units
(0.2-3.0 U). It was found that ~95% of pDNA was released by
native 1PEI on addition of 1.2 U of heparin while LP-PTMG-3
complex released ~83% of pDNA on adding the same amount of
heparin (Figure 4). This suggested that the presence of TMG
moieties in place of secondary amines of PEI strengthened the
interaction with pDNA and these interactions provided excessive
stability to the complex which subdued the release of pPDNA from
the polyplexes.

Cytotoxicity Study

The cytotoxicity of IPEI, bPEI, Lipofectamine and LP-PTMG
series of polyplexes was performed on HeLa and CHO cell
lines by MTT assay at the same w/w ratios as used in the
transfection studies (Tripathi et al., 2012). The cell viability
increased on an increase in percent grafting of PTMG on IPEI
(Figure 5). Compared to native IPEI/pDNA complex, PTMG-
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FIGURE 4 | pDNA release assay of IPEl and LP-PTMG-3 polymers. The
experiment was performed thrice and error bars represent the standard
deviation.

grafted IPEI series i.e., LP-PTMG/pDNA complexes showed
marginally better cell viability (~89-91%). bPEI/pDNA and
Lipofectamine/pDNA  complexes  exhibited  higher
cytotoxicity.

Fluorescence Assisted Cell Sorting

The transfection efficiency of LP-PTMG/pDNA complexes was
evaluated by FACS analysis in CHO and Hela cells. After
preliminary examination of transfection at different w/w ratios,
the final transfection experiments were done at w/w ratio of 5.0,
6.66, and 8.33 for LP-PTMG/pDNA and IPEI/pDNA polyplexes.
The transfection efficiency was compared with the standard
transfection reagent, bPEI/pDNA  complex (w/w  2.66).
Transfection efficiency of pDNA complexes of the series of
PTMG-modified IPEI polymers ie. LP-PTMG/pDNA complexes
decreased in comparison to native IPEI/pDNA complex in CHO as
well as HeLa cells (Figures 6A,B). The best transfection efficiency
exhibited among the series was of LP-PTMG-3/pDNA
polyplex at w/w ratio of 8.33. The LP-PTMG-3/pDNA
complex transfected ~11.55 and 11.83% cells at w/w ratio of
6.66 and 8.33 in CHO cells while at the same w/w ratios, IPEI/

100
¥ HelLa

(=]
o
L

= CHO
60 -

40

% Cell viability

20 4

FIGURE 5 | Cell viability profile of LP-PTMG/pDNA, IPEI/pDNA, bPEI/

30 - CHO

% transfected cells

30 - HelLa

% transfected cells
= [ N N
o (%] o (%]

(%]

9 ) x <& <>
& & &

FIGURE 6 | Transfection efficiency of LP-PTMG/pDNA, IPEI/pDNA and
bPEI/pDNA complexes in (A) CHO, and (B) Hela cells as determined by
FACS analysis.

PDNA and Lipofectamine/pDNA complexes on CHO and Hela cells.

pDNA complex transfected ~13.86 and 16.87% cells,
respectively (Figure 6A). Similarly, in HeLa cells, LP-
PTMG-3/pDNA complex transfected ~7.6 and 8.44% cells
at w/w ratios of 6.66 and 8.33, while, at the similar w/w
ratios, IPEI/pDNA complex transfected ~8.56 and 11.36%
cells, respectively (Figure 6B). The decrease in transfection
efficiency of LPTG polymers in comparison to native 1PEI
might be because of tight binding of pDNA with LPTG
polymers which might have hampered the release of pDNA
from the polyplexes inside the cells. The results of the
projected study are in agreement with the results reported
in previously investigated reports. Similar results have been
observed by Sainlos et al. (2005) where the guanidination of
amine groups of an aminoglycoside, kanamycin, conjugated
with cholesterol, resulted in the reduced transfection efficiency
in comparison to non-guanidinylated counterpart. In another
study, Bono et al. (2019) also observed that on guanidinylation
of neomycin conjugated to PAMAM dendrimers, transfection
efficacy decreased.

The fluorescence images of HeLa cells on transfection with IPEI/
pDNA and LP-PTMG-3/pDNA complexes at their best working
w/w ratio of 8.33 are depicted in Figure 7. Visually, there was not
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IPEI/pDNA

FIGURE 7 | Fluorescence images observed on transfection of Hela Cells with IPEI/oDNA and LP-PTMG/pDNA complexes at w/w ratio of 8.33.

LP-PTMG 3/ pDNA

much difference observed in the transfection efficiency exhibited
by the pDNA complexes of IPEI and LP-PTMG polymers.

CONCLUSION

The functionalization or modification of the polymers for gene
delivery does not always result in the generation of more efficient
vectors as compared to the native ones. As it is well accepted that
modification of the polymers with guanidinium groups favours
their cellular uptake but the polyplex decomplexation has to take
place in an efficient way to enable the release of pDNA and its
transcription to go on. Here, in the projected study, we found that
modification of secondary amines of linear PEI with highly basic
tetramethylguanidinium groups resulted in a decrease in
buffering capacity as well as strong binding with pDNA,
resulting in the higher stability of the polyplexes, thus finally
affecting the transfection efficiency of the polymers. Grafting of
PTMG on IPEI decreased the pDNA release efficiency from LP-
PTMG/pDNA complexes. The conversion of secondary amines
of IPEI into substituted guanidinium moieties caused a decrease
in the transfection efficiency. However, this study demonstrated
that modification of linear PEI with tetramethylguanidinium
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