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Abstract The applications of dendrimer-based vectors
seem to be promising in non-viral gene delivery because
of their potential for addressing the problems with viral
vectors. In this study, generation 3 poly(propyleneimine)
(G3-PPI) dendrimers with 1, 4-diaminobutane as a core
initiator was synthesized using a divergent growth
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approach. To increase the hydrophobicity and reduce
toxicity, 10% of primary amines of G3-PPI dendrimers
were replaced with bromoalkylcarboxylates with different
chain lengths (6-bromohexanoic and 10-bromodecanoic).
Then, to retain the overall buffering capacity and enhance
transfection, the alkylcarboxylate—PPIs were conjugated
to 10 kDa branched polyethylenimine (PEI). The results
showed that the modified PPI was able to form complexes
with the diameter of less than 60 nm with net-positive
surface charge around 20 mV. No significant toxicity was
observed in modified PPIs; however, the hexanoate con-
jugated PPI-PEI (PPI-HEX-10% PEI) and the decanoate
conjugated PPI-PEI (PPI-DEC-10%-PEI) showed the
best transfection efficiency in murine neuroblastoma
(Neuro-2a) cell line, even PPI-HEX-10%-PEI showed
transfection efficiency equal to standard PEI 25 kDa with
reduced toxicity. This study suggested a new series of
hyperbranched (PEI)-dendrimer (PPI) architectural co-
polymers as non-viral gene delivery vectors with high
transfection efficiency and low toxicity.

Keywords Hyperbranched—dendrimer architectural
copolymers - Poly(propyleneimine) - Polyethylenimine -
Alkylcarboxylate - Nanoparticle - Non-viral gene
delivery vector - Nanomedicine

Introduction

Recently, the human gene therapy has gained great
attention (Ginn et al. 2013). However, safe and efficient
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transfers of genetic materials are serious problems in
gene therapy (Verma and Somia 1997). The application
of viral vectors has some limitations such as small
capacity, immunogenicity, pathogenicity, and difficult
and expensive production routs (Liu and Muruve
2003; Sun et al. 2003).

Non-viral vectors such as cationic liposomes (Allon
et al. 2012; Malaekeh-Nikouei et al. 2009) and a number
of cationic polymers including poly-L-lysine (Askarian
et al. 2015), poly(ethylenimine) (PEI) (Mahmoudi et al.
2014), polyamidoamine (PAMAM) dendrimer
(Ayatollahi et al. 2015a), hyperbranched poly(amino es-
ter) (Lim et al. 2001), and polyallylamine (Oskuee et al.
2015; Oskuee et al. 2014) have been developed as alter-
natives to viral gene delivery carriers due to their safety
and cost advantages. However, low transfection efficien-
cy of non-viral vectors compared with the viral ones and
toxicity problems have limited their use in clinical trials,
which needs to be overcome for in vivo applications.
Many researchers have attempted to solve those prob-
lems by redesigning the existing non-viral vectors
(Dehshahri et al. 2012a; Dehshahri et al. 2012b). Among
the non-viral delivery systems, dendrimer-based vectors
due to their unique structural features seem to be prom-
ising candidates for addressing the above problems (Lee
et al. 2005; Svenson and Tomalia 2005).

Dendrimers and their derivatives are cationic polymers
which could condense the negatively charged DNA in
physiological environment and form complexes
(polyplexes) (Tack et al. 2006). Due to the difficulty of
synthesizing dendrimers and advantages of dendrimers
for delivery systems, great attention has been focused on
the modification of the existing dendrimers, instead of the
development of novel dendrimers (Kim et al. 2007). Thus,
the modification of the surface groups of basic dendrimers
by molecular engineering (Calderén et al. 2010; Paleos
et al. 2007) can result in dendrimers with enhanced prop-
erties, which could better fit gene delivery systems.

The cytotoxicity of dendrimers such as PAMAM and
PPI has been found to be generation-dependent, with
higher generation dendrimers being the most toxic,
which is mostly related to the primary amino group
(Fischer et al. 2003; Jevprasesphant et al. 2003). There-
fore, it is very promising to chemically modify the
terminal groups of dendrimers to create transfection
agents with low toxicity, enhanced water solubility,
and improved aqueous stability (Tack et al. 2006).

It has been reported that hydrophobic—hydrophilic
balance plays an important role in enhancing the gene
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transfection ability of polycation-based non-viral vec-
tors (Nimesh et al. 2007; Takahashi et al. 2003).
PAMAM dendrimer itself and also PAMAM dendrimers
modified with PEG, amino acids, fatty acids, and li-
gands have been extensively used and examined as
transfection agents for gene delivery, both in vitro and
in vivo (Askarian et al. 2015; Choi et al. 2006; Choi
etal. 2004; Hu et al. 2014). By contrast, the applications
of PPI dendrimers for gene delivery systems have been
limited to a small number of works. For instance, plain
G3 and quaternized G2 PPI dendrimers were reported to
be suitable for targeting genes to the liver (Schatzlein
et al. 2005).

In the present work, we synthesized PPI dendrimer,
alkyl-conjugated PPI dendrimers, and PPI-alkyl-PEI co-
polymers and evaluated their characterizations including
transfection efficiency and cytotoxicity. The used ap-
proach was, low, partially, and complete surface deriva-
tization of PPI dendrimers with bromoalkylcarboxylic
acids (with different chain lengths). It was followed by
conjugation of terminal carboxylate moieties of PPI de-
rivatives with branched PEI (molecular weight (MW)
10 kDa) which resulted in hyperbranched (PEI)-dendri-
mer (PPI) architectural copolymers with the terminal
amino moieties.

Materials and methods
Materials

1, 4-Diaminobutane, acrylonitrile, and Raney Nickel
were purchased from Merck. Branched
polyethylenimine (PEI; average MW 10 kDa) was ob-
tained from Polyscience, Inc. (Warrington, USA).
Branched polyethylenimine (PEI; average MW
25 kDa), 6-bromohexanoic acid, 10-bromodecanoic ac-
id, 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide
hydrochloride (EDC) were purchased from Sigma—Al-
drich (Munich, Germany). Plasmid pRL-CMV-luc un-
der the control of cytomegalovirus (CMV) promoter and
a luciferase assay kit were obtained from Promega
(Madison, USA).

All solvents and chemicals were supplied by Sigma—
Aldrich (Munich, Germany) and were of the highest
grade available. Dialysis was carried out using
Spectra/Por dialysis membranes (Spectrum Laborato-
ries, Houston, USA).
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Synthesis of poly(propyleneimine) dendrimer

Poly(propyleneimine) dendrimers with 1, 4-
diaminobutane as a core initiator was synthesized using
a divergent growth approach. G3-PPI was obtained
through repetitive double Michael addition of acryloni-
trile to primary amine end-groups from a 1, 4-
diaminobutane core, followed by heterogeneously cata-
lyzed hydrogenation of nitrile groups to primary amino
groups (Scheme 1). The divergent route followed in
synthesis was according to a study reported elsewhere
(de Brabander-van den Berg and Meijer 1993).

Synthesis of PPI-R-COOH

PPI-R-COOH was synthesized via the reaction between
PPI and a series of bromoalkylcarboxylic acids with
different chain lengths (Scheme 2). Briefly, various
amounts of 6-bromohexanoic acid or 10-
bromodecanoic acid dissolved in dimethylformamide
(DMF). This solution was dropwised to the stirring
solution of PPI (0.1 g in 5 ml DMF) over 3 h. The
reaction was stirred for 24 additional hours at room
temperature (RT). Then, to remove unreacted alkylating
agents, the reaction mixture was dialyzed once against
0.25 M NaCl and twice against water (1000 Da cutoff
Spectra/Por dialysis tubing). Finally, the resulting solu-
tion was freeze-dried.

Synthesis of PPI-R-PEI

To restore the primary amine density of PPI-R deriva-
tives, the carboxylic acid end groups of PPI-R were
conjugated to the branched PEI using amide linkage
formation. Briefly, 5 ml aqueous solution of
carboxyalkylated PPI was mixed with 3 M excess solu-
tion of either 1.8 or 10 kDa PEI In order to activate the
terminal carboxylic acid of PPI-R, 1 mol equivalent of
EDC were dropwised to the reaction mixture. The reac-
tion was stirred for 24 h at RT. Then, the reaction
mixture was purified using 10,000 Da cutoff Spectra/
Por dialysis tubing by dialyzing against three changes of
water. The aqueous dialysate was lyophilized.

Characterization of synthesized products
The synthesis products were characterized by FTIR and

NMR. The FTIR spectra of the dendrimers were record-
ed on a Shimadzu FTIR spectrometer as potassium

bromide pellets. NMR spectra were recorded in CD5Cl
on a Bruker ARX 300 spectrometer (Bruker Daltonik
GmbH, Bremen, Germany).

Estimation of the primary amine content of PPI
derivatives by a TNBS assay

The primary amine content of synthesized PPI deriva-
tives was determined using quantification of accessible
primary amines by coupling with 2,4,6-trinitrobenzene
sulfonic acid (TNBS).

Standard PPI solutions and test solutions containing
PPI derivatives were serially diluted in 0.1 M sodium
tetraborate to a final volume of 100 pl using a 96-well
plate. To each well, 2.5 pul of TNBS (75 nmol, 22 pg;
diluted in water) was added. TNBS reacts with primary
amino groups to form colored trinitrophenylated deriv-
atives. After 10 min at RT, absorption was measured at
405 nm using a microplate reader.

Preparation and purification of the plasmid DNA

pRL-CMV-luc was transformed into Escherichia coli
bacterial strain DH5«, propagated in selective Luria—
Bertani (LB) medium, centrifuged, and extracted from
the cell pellets using the Qiagen Endofree Mega Plasmid
Kit (QIAGEN, Hilden, Germany) according to the man-
ufacturer’s protocols.

The purity of the plasmid DNA was detected by
measuring the UV absorbance at 260 nm with an UV
spectrophotometer. Results of the A260/A280 absor-
bance were higher than 1.8 that indicated no protein
was present.

Polycation/DNA complex (polyplex) formation

PPI and various derivatives (C) were separately diluted
into 50 pl of HEPES-buffered glucose solution (20 mM
HEPES in 5% aqueous glucose solution), added to 50 ul
solutions of the plasmid (P) in the same solvent (2 pg/
50 ul), mixed together, and allowed to be incubated at
room temperature for 30 min to form nanoparticles at
different charge ratios between the polymer and plasmid
DNA (C/P or w/w or weight/weight).

Gel retardation assay

The complex formation ability of the vectors was ana-
lyzed using an agarose gel retardation assay. Polycation/
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Scheme 1 Schematic synthesis route of PPI dendrimer

plasmid DNA (pDNA) complexes (polyplexes) were
prepared as indicated before and placed into a 1% (w/
v) agarose gel in TBE buffer (Tris base 10.8 g, boric acid
5.5 g, disodium EDTA 0.75 g and water) containing
Green viewer dye. Electrophoresis was performed at
80 V for 40 min and visualized under UV-illuminator.

Measurement of polyplex size and zeta potential

The hydrodynamic size and zeta potential of polyplexes
at various C/P ratios were analyzed using a Zetasizer
Nano-ZS analyzer (Malvern Instruments, UK) in a salt-
free buffer (HBG). Different amounts of vectors were

m Br(CH2)xCOOH
A) @ =—(NHp)jg ——————— >

x=5,9
m=2, 16

i) EDC

_(NHy) 16-m
B) (v ’
—[NH(CH)XCOOHIm — 3

ii) m PEI

)

diluted in 125 pl of buffer and added to an equal volume
of the same buffer containing DNA. After 20-min incu-
bation, polyplex sizes were measured. Data analysis was
performed in an automatic mode, and the results are
presented as mean + SD, n = 3. Each mean represents
the average value of 30 runs.

Measurement of buffering capacity of modified PPI

A solution of 0.4 mg/ml of each PPI derivative in DDW
was prepared and adjusted to the pH of 12 using 1 M
NaOH. Five microliter aliquots of 1 M HCI were sub-
sequently added until the pH was reduced to 2.5. The

(NH,) 16-m
— [NH(CH4)xCOOH]m

(NH,) 16-m

~
@ =[NH(CHy)xCO]m=T(NH)

10 kDa, 1800 Da

Scheme 2 Schematic synthesis route of poly(propyleneimine) derivates
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reciprocal slopes of graphs plotting pH versus the
amount of HCI added were used to determine the buff-
ering capacity of PPI derivatives.

Transfection experiments

Neuro-2a (N2a) cells were seeded at a density of
1 x 10* cells/well in 96-well plates 1 day prior to
transfection experiments and grown in the DMEM me-
dium with 10% fetal bovine serum. Different dendrimer/
plasmid DNA weight ratios, in the range 2:1 to 6:1 (w/
w), were used to prepare the polycation/plasmid com-
plexes (i.e., polyplexes). Polyplexes were prepared by
adding 50 ul of a solution of polycation at varying
concentrations in HBG to 50 ul of a solution of plasmid
DNA (20 pg/ml) in HBG with mixing by pipetting up
and down followed by incubating for 30 min at room
temperature. Transfection was performed by adding
10 pl of polyplex solution (equivalent of 200 ng pDNA)
to the wells of 96-well plates containing 60-90% con-
fluent cultures of cells in complete medium containing
10% FBS. After 4 h, the medium was replaced with a
fresh complete medium and gene expression was
assayed 24 h later. Cells were lysed, and the luciferase
activity was measured using the Promega Renilla Lucif-
erase Assay kit (Madison, WI) and a luminometer
(Berthold Detection Systems, Pforzheim, Germany).
The results were presented as relative light units
(RLU) per number of seeded cells, mean + SD, n = 3.
Branched 25 kDa PEI was used as a positive control for
transfection experiments.

Cytotoxicity assay

The metabolic activity of the cells treated with
polyplexes was evaluated by the method using 3-(4,5-
dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium bromide
(MTT). Briefly, N2a cells were seeded at a density of
1 x 10* cells per well in a 96-well plate and incubated
for 24 h. Thereafter, the cells were treated with the same
amounts of polyplexes used for transfection experi-
ments, and after 4 h, the medium was replaced with a
fresh complete medium. After 24 h of incubation, 20 pl
of 5 mg/ml MTT in the PBS buffer was added to each
well, and the cells were further incubated for 4 h at
37 °C. The medium containing unreacted dye was
discarded, and 100 pl of DMSO was added to dissolve
the formazan crystals formed by live cells. Optical ab-
sorbance was measured at 590 nm (reference

wavelength 630 nm) using a microplate reader
(Statfax—2100, Awareness Technology, USA), and cell
viability was expressed as a percentage of viable treated
cells relative to untreated control cells. Values of meta-
bolic activity were presented as means + SD of
triplicates.

Statistical analysis

The statistical significance was determined using Stu-
dent’s ¢ test. p values of <0.05 were considered
significant.

Results
Synthesis and characterization of PPI dendrimers

Schematic synthesis pathway for PPI dendrimers is
presented in Scheme 1. PPI dendrimers were success-
fully synthesized according to "H-NMR and FTIR anal-
ysis (spectra not shown).

The FTIR spectrum of 0.5 G PPI showed band at
2245 ¢cm ', which was assigned to (CN) stretching
vibrations. Absorption band at 3355 cm™' (due to N-H
stretching vibrations) confirmed the generation of 1.0 G
PPI. The FTIR spectrum of 3.0 G PPI showed bands at
1226, 2827, 2962, 1577, and 3344 cm™ !, which were
assigned to C—N stretching of CH,—NH,, C—H aliphatic
stretching vibrations, N—H bending vibrations of amine,
and N—H stretching of primary amine, respectively.

"H-NMR spectrum of 3.0 G PPI showed protons
from alkane (1.3—-1.53 ppm) and alkyl amines (2.3—
2.5 ppm).

Synthesis and characterization of PPI-R-PEI

Schematic synthesis pathway for PPI-R-PEI dendrimers
is presented in Scheme 2. A two-step process was used
for the synthesis of the modified dendrimers. In the first
step, PPI G3 dendrimer was modified by the conjuga-
tion of w-bromoalkylcarboxylic acids (6-
bromohexanoic acid and 10-bromodecanoic acid) to
the amine groups of PPI G3 dendrimers (PPI-R). In
the next step, PEI was attached to the provided terminal
functional carboxylate groups.

The synthesized products were characterized by
FTIR and 'H-NMR. As an example, the FTIR spectrum
of PPI-R-PEI showed bands at 1640 ¢cm ' and
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1530 cm™', which were assigned to the carbonyl group
of amide and N-H bending vibrations of amide, respec-
tively. The obtained data from 'H-NMR (CDCI3) spec-
trum of PPI-R-PEI was 0 (ppm) 2.3-2.29 (-CH2NH2-,
—CH2NH-, -CH2N-), 2.2-2.9 (-CH2-CO), and 3.0-
3.2 (-<CH2-NHCO).

Estimation of primary amine content of the products

The extent of PPI primary amine group substitution by
alkylcarboxylate moieties (which is equal to the number
of alkylcarboxylate groups conjugated to the PPI den-
drimer) as well as the extent of PPI-alkylcarboxylate
grafted with PEI was calculated by the TNBS assay.

The results for G 3.0 dendrimer possessing 16 pri-
mary amine groups showed that for the initial feed mole
percent of 10 and 100, the achieved degrees of substi-
tution were 10 and 12 mol% (Table 1).

Approximately, for 10 and 100% modification, 1.6
and 11.3 molecules of w-bromoalkylcarboxylic acid
were found to be conjugated to the dendrimer
possessing 16 primary amines. The reaction yields for
the coupling of PEI to carboxylate groups were also less
than 100% so that the final derivatives contained the
average of 78.5 = 0.7% (76—81%) of the primary amine
content of the parent PPI.

The modified dendrimers have been abbreviated as
PPI-X-%-PEI, in which X, %, and PEI represent the
number of carbons in the alkyl chain (HEX, hexanoic
acid; DEC, decanoic acid), percentage (%) of primary
amines substituted with alkyl chains, and 10 kDa PEI
coupled to the modified PPI structure, respectively.

Buffering capacity

Buffering capacity is essential for the swelling of
endocytic vesicles and escape from endosome into the
cytoplasm (proton sponge effect). Therefore, solutions
of PPI and its derivatives were titrated from pH 12 to 2
with the stepwise addition of HCI (1 N). The protonation
profiles of PPI derivatives were markedly affected.

Generally, the addition of PEI to the PPI structure re-
sulted in an increase in the buffering capacity, and PPI-
HEX-10%-PEI showed the best protonation profile

(Fig. 1).
Agarose gel retardation

Condensation of pDNA into nanoscale structures is
necessary for both protecting the DNA from serum
nucleases and taking up by cells, often through non-
receptor-mediated endocytosis. Therefore, the inhibi-
tion of DNA migration in agarose gel electropho-
resis (as a result of dendrimer ability to condense
DNA) was tested. Polyplexes were prepared at
various dendrimer/DNA ratios and electrophoresed
on agarose gel 1% (Fig. 2).

Unmodified PPI was unable to completely inhibit the
migration of plasmid DNA, even at the C/P ratio of 4.
As the primary amine content of the modified PPI was
increased, lower amounts of dendrimer were required to
prevent DNA migration.

Specifically, PPI-HEX-10%-PEI and PPI-DEC-10%-
PEI completely inhibited the migration of pDNA, at the
C/P ratio of 1 which was significantly better than un-
modified PPI (Fig. 2).

Size and zeta potential

The results demonstrated that at higher weight ratios of
polyplexes, size was decreased and zeta potential was
increased. Also, modification of PPI produced
polycations with the ability to form complexes with
the diameter of less than 60 nm (Fig. 3).

In the case of PPI-HEX-10%-PEI at the weight ratios
of 2, 4, and 6, the particle size of the polyplexes was
ranged from 29 to 39 nm.

The zeta potential of PPI and unmodified PPI com-
plexes was measured at polycation/pDNA ratios of 2, 4,
and 6 (Fig. 4). The zeta potential of the polyplexes was
gradually increased in accordance with the increase of
weight ratios. The net surface charge of the modified

Table 1 Degree of primary amine substitution in PPI G3 and PPI-R-PEI estimated by the TNBS assay

PPI derivative Calculated % of primary amines

alkylated in carboxyalkylated PPI (%)

Observed % of primary amines
alkylated in carboxyalkylated PPI (%)

Observed % of primary amines
in final derivatives of PPI (%)

PPI-HEX-10%-PEI ~ 12.5 10

PPI-DEC-10%-PEI  12.5 10.2

78
76
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——PP|
——PEI 10kDa
= PPI-HEX-10%-PEI

—#—PPI|-DEC-10%-PEI

AN

Nl

Fig. 1 Titration of aqueous 14
dendrimer solutions (0.4 mg/ml)
with 1 M HCI from pH 12 to 2. 12
Solutions were adjusted to pH 12
with 1 M NaOH, and 5 pl aliquots 10
of 1 M HCI were subsequently 8.
added and the pH measured -
e 6
4
2
0
0

PPIs was more than that of the unmodified PPI. For
instance, zeta potential of PPI-HEX-10%-PEI compared
with that of unmodified PPI showed an increase from
1.3 to 22.3 mV at C/P ratio of 4.

MTT assay

The cytotoxicity of the PPI derivatives at various weight
ratios was examined by an MTT assay in N2a cells to
measure cell survival. The cytotoxicity of PPI deriva-
tives at various weight ratios was compared with that of
PPI G3, and the results were shown in Fig. 5. Among all
the derivatives, PPI-HEX-10%-PEI exhibited relatively
the best cell viability (over 80%) at C/P ratio of 2. In
each sample with the increase in weight ratio, all the PPI
derivatives and PEI showed increasing cytotoxicity.

Transfection efficiency

The transfection efficiency of the newly synthesized
PPI dendrimer was investigated on N2a cells by a

PP PPI-HEX-10%-PEI

50 100 150 200
1M HCL added (pl)

Renilla luciferase assay system. PPI and derivative
polyplexes were prepared at varying weight ratios
ranging from 2:1 to 6:1 (polycation:plasmid). PEI 25
kDa, PEI 10 kDa, and PPI G3 polyplexes (at the same
w:w ratios as that of the modified PPI), were also used
as controls.

The transfection data showing newly synthesized PPI
derivative had remarkable transfection efficiency com-
pared with those showing the parent PPI G3.

As shown in Fig. 6, PPI-HEX-10% and PPI-DEC-
10% polyplexes indicated the maximal gene expression
efficiency at the weight ratios of 4and 6, respectively.

The transfection efficiency of PPI-HEX-10%-PEI
and PPI-DEC-10%-PEI increased drastically comparing
to that of the unmodified PPI G3 and was three times
more than that of 10 kDa PEL

One explanation for the deducted gene transfer abil-
ity was the presence of the unreacted carboxylic acid
groups on a PPI-R-PEI surface, assigned to the repulsion
with the negative charge of DNA. These results
corresponded to the results of gel electrophoresis.

PPLHEX-10%-PEI PEI

Fig. 2 Agarose gel electrophoresis of polyplexes at weight ratios 0.5, 1, 2, and 5
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Fig. 3 Particle size of polyplexes

Polyplexe size (nm)

of PPI G3 and its derivatives in 800

HBG buffer 700

600

500

400 -

u PPl
m PEI 10kDa

PPI-HEX-10%-PEI

300 -

200 -

= PPI-DEC-10%-PEI

100 -

C/P2

Discussion

Polyamidoamine (PAMAM) and PPI are the most in-
vestigated dendrimers, which exhibit potentials in med-
ical applications such as drug delivery, gene delivery,
and imaging (Martinho et al. 2014). Dendrimers consist
of interior shells and multivalent surfaces; their inner
nanoenvironments can be utilized as nanoscale con-
tainers for drugs that are protected from outside by the
surface (Boas et al. 2001). PPI dendrimers have a non-
polar pocket which is able to increase the solubility of
hydrophobic drugs (Cheng et al. 2008b). Because of
high density of surface groups, dendrimers can be func-
tionalized with different molecules such as aptamers for
targeting purposes (Pednekar et al. 2012) or hydropho-
bic molecules to enhance the transfection efficiency
(Yoo and Juliano 2000).

Although some reports have suggested PPI
dendrimers as non-viral gene delivery vectors
(Zinselmeyer et al. 2002), their application has been
limited due to weak transfection efficacy and cytotoxic-
ity. However, the cytotoxicity of dendrimers has been
found to be generation-dependent and higher

Fig. 4 Zeta potential of

C/P4 C/P6

generations are more toxic (El-Sayed et al. 2002). For
instance, some studies have reported that high-
generation PPI dendrimers display higher cytotoxicity
than low-generation PPI on many cell lines (Jain et al.
2010).

PAMAM and PPI dendrimers compromise primary
amines on the surface, which allows for electrostatical
attachment to negatively charged molecules as well as
the cell membrane and may destabilize it and induce
cytotoxicity (Cheng et al. 2008a). Different modifica-
tions have been performed on PPI to improve transfec-
tion efficacy and reduce cytotoxicity, such as conjuga-
tion of peptide (Taratula et al. 2009), oligoethylenimine
(Russ et al. 2008), amino acids (Aldawsari et al. 2011;
Kim et al. 2007), guanidine (Tziveleka et al. 2007), and
fluorination (Liu et al. 2014).

Among cationic polymers, PEIs are nominated as
effective non-viral vectors. They are able to greatly
condense nucleic acids and protect them from environ-
ment. Due to high buffering capacity, they can trigger a
proton sponge mechanism and escape from endosome
to deliver their gene cargoes into the cytoplasm. Cyto-
toxicity of PEIs challenges their applications in many

Zeta potential (mV)

polyplexes of PPI G3 and its 40
derivatives in HBG buffer 35

——PPI

_—

—@—PEI 10kDa

30 i
25 ./‘/
I /*

PPI-HEX-10%-PEI

20 =>¢=PP|-DEC-10%-PEI
e %/
10
5 o
0 /
CﬁZ—’f C/P4 C/P6
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Fig. 5 Cytotoxicity of 100
polyplexes formed with PPI G3 90
and its derivatives and 200 ng of
plasmid DNA in HBG over the 80
indicated range of cationic ® 70
polymer to plasmid DNA (C/P) =
(w/w) ratios. Polyplexes prepared £ 60
with PPI and 10 kDa PEI in HBG S g
were included as controls at the B
indicated C/P ratios, as well as the 3 40
polyplex prepared with 25 kDa o 30
PEIl in HBG at C/P 0.8. Metabolic
activities are presented as the 20
mean + SD of triplicates 10
0

mammalian cell lines although it is dependent on mo-
lecular weight, degree of branching, ionic strength of the
solution, zeta potential, and particle size (Paul et al.
2014). Low molecular weight PEIs have shown low cell
toxicity but also low transfection ability (Kunath et al.
2003). However, there are many reports, in which the
advantages of PEIs have been utilized to improve trans-
fection efficacy such as pullulan-PEI (Rekha and
Sharma 2011) or chitosan-PEI (Parhiz et al. 2013; Park
etal. 2013).

In this study, we took advantage of 10 kDa PEI and
synthesized hyperbranched (PEI)-dendrimer (PPI) ar-
chitectural copolymers including PPI-HEX-10%-
10 kDa and PPI-DEC-10%-10 kDa to produce efficient
and low cytotoxic gene delivery carriers based on cat-
ionic PPI dendrimer. The synthesis approach was den-
dritic hybridization involving (a) architectural PPI
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Fig. 6 Transfection efficiency of polyplexes formed with PPI G3
and its derivatives and 200 ng of plasmid DNA in HBG over the
indicated range of cationic polymer to plasmid DNA (C/P) (w/w)
ratios. Polyplexes prepared with PPl and 10 kDa PEI in HBG were
included as controls at the indicated C/P ratios, as well as the
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generation 3, (b) dendrimers surface derivatization with
bromoalkylcarboxylic acids, (c) conjugation of terminal
carboxylate moieties of PPI core with branched-PEI
(MW 10 kDa) which resulted in core—shell dendritic
copolymers with the terminal amino moieties.

The DNA condensation ability characterized by a gel
retardation assay showed that unmodified PPl weakly
condenses plasmid while modified polymers showed
similar behavior like PEI which is in agreement with
other studies reporting that by an increase in amine
content, condensation ability increased (Ayatollahi
et al. 2015b; Dehshahri et al. 2009).

Although plain PPI exhibited low positive charge at
low C/P ratios which resulted in the formation of larger
polyplexes, the synthesized polymers formed
polyplexes below 60 nm with appropriate positive
charge density (15.6-29.5 mV) which were suitable

m PPI
m PEI 10kDa
@ PPI-HEX-10%-PEI

£ PPI-DEC-10%-PEI
. B PEI 25kDa

C/P0.8

polyplex prepared with 25 kDa PEI in HBG at C/P 0.8. Luciferase
activities are presented as the mean + SD of triplicates. Three
asterisks indicate p < 0.001 modified PPI compared to PPI G3.
Letter a indicate p > 0.05 modified PPI compared to PEI25
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for efficient gene delivery. Previously, it was shown that
carbon chain length and substitution degree have a
direct role in the change of average particle size
(Tziveleka et al. 2007).

The buffering capacity seemed to be increased in the
modified polymers compared with PPI, and the similar
pattern to the unmodified PEI indicated effective
endosomal escape ability after cellular uptake.

Excellent non-viral carriers require high gene trans-
fection efficacy with minimum cytotoxicity. However,
these properties are in the opposite direction in most of
the polycationic gene vectors. High transfection abil-
ity correlates with cytotoxicity and better biocom-
patible vectors show weak transfection efficacy
(Breunig et al. 2007).

In our study, PPI-HEX-10%-10 kDa and PPI-DEC-
10%-10 kDa succeeded to associate between transfec-
tion efficacy and cell viability, especially at C/P ratio of
4. Cytotoxicity might be induced by electrostatic inter-
actions between polycations and cell membranes
(Kloeckner et al. 2006). Thus, by increasing the
polycation/plasmid DNA weight ratios, the amount of
excessive positive charge of polyplexes increased
resulting in a slightly increase in cytotoxicity (Gholami
etal. 2014).

Transfection efficiency of synthesized polymers was
compared with 10 kDa PEI and PPI dendrimers (over
the same range of C/P ratios), and 25 kDa PEI at the C/P
ratio of 0.8 was utilized as optimal delivery vector. The
transfection results demonstrated imperfect transfection
ability of the unmodified PPI at all C/P ratios, while PPI-
HEX-10%-10 kDa and PPI-DEC-10%-10 kDa im-
proved transfection efficacy by 2.9- and 3.5-fold, re-
spectively, compared with the unmodified 10 kDa PEI
It seems that 10% substitution of primary amines of
dendrimers with PEI was sufficient to utilize the advan-
tages of PEI and avoid the accumulation of amines and
induction of cytotoxicity. The 25 kDa PEI showed
higher transfection efficiency even better than 10 kDa
PEI, but exhibited greater cytotoxicity than 10 kDa PEI.
Interestingly, transfection efficacy of PPI-HEX-10%-
10 kDa at C/P ratio of 4 was approximately equal to
that of 25 kDa PEI with less cytotoxicity.

There are some reports in which the effect of different
alkyl chain length conjugations on transfection efficacy
of polycations has been studied and hexanoate has been
found to have optimal length, while alkyl chains longer
than 10-carbone have resulted in dendrimeric structure
deficiencies and reduction in transfection activity

@ Springer

(Oskuee et al. 2009). In our study, length of alkyl chain
did not show a significant effect on the transfection
efficacy at C/P ratio of 2, but the optimal alkyl chain
length was found to be 6 (hexanoate) at C/P ratio of 4.
The obtained results were in agreement with those of the
former studies, in which hexanoate modification of PEIs
mainly improved transfection efficacies (Dehshahri
et al. 2009). Improved transfection efficiency of PPI
derivatives was due probably to more favorable hydro-
phobic-hydrophilic balance in the structure and greater
buffering capacity, which promotes the cytosolic release
and early endosomal escape of polyplexes (Nimesh
et al. 2007; Tziveleka et al. 2007).

Conclusion

In this study, we produced PPI-alkyl-PEI polymers in
order to synthesize efficient and low cytotoxic gene
delivery vectors based on cationic PPI dendrimer. PPI-
HEX-10%-10 kDa and PPI-DEC-10%-10 kDa con-
densed pDNA effectively and formed polyplexes below
60 nm. However, cell viability of N2A cells treated with
the synthesized vectors was above 75%, and the trans-
fection efficiency significantly increased by about 3.5-
fold compared with that of the unmodified 10 kDa PEIL
Further investigations could be done on the ability of
these modified dendrimers for other drug delivery or
targeting purposes.
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