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for safe and efficient delivery of siRNA therapeutics

Sushilkumar Patil, Rohan Lalani, Priyanka Bhatt, Imran Vhora, Vivek Patel, Hinal Patel
and Ambikanandan Misra *

Linear polyethylenimine (LPEI) has been well reported as a carrier for siRNA delivery. However, its

applications are limited due to its highly ionized state at physiologic pH and the resultant charge

mediated toxicity. The presence of ionizable secondary amines in LPE are responsible for its unique

characteristics such as pH dependent solubility and positive charge. Therefore, modification of LPEI was

carried out to obtain hydroxyethyl substituted LPEI with the degree of substitution ranging from 15% to

45%. The impact of modification on the physicochemical parameters of the polymer, i.e. buffer capacity,

solubility, biocompatibility and stability, was evaluated. Surprisingly, despite the loss of ionizable amines,

the substitution improved solubility, and even overcame the pH dependent solubility of LPEI. In addition,

the conversion of secondary amines to less basic tertiary amines after substitution improved the buffer

capacity, in the endosomal pH range, required for efficient endosomal escape. It also reduced

erythrocyte aggregation, hemolytic potential and in vitro cytotoxicity. The in vitro studies showed

enhanced cell uptake and mRNA knockdown efficiency. Thus, the proposed modification shows a simple

approach to overcome the limitation of LPEI for siRNA delivery.
1. Introduction

Antisense-mediated gene inhibition compounds have evolved
as a most elegant class of therapeutics. These include small
interfering RNA (siRNA), short hairpin RNA (shRNA) and
bifunctional shRNA. The progress made in human genome
mapping and an improved understanding of signal trans-
duction have broadened their application horizon. It takes
a powerful molecular process to modulate gene expression by
inducing the endogenous RNAi machinery to direct mRNA
degradation.1 Notably, siRNA provides the advantages of a wide
choice of targets, easy synthesis, extended period of target
suppression, high target selectivity over non-targets giving
a better therapeutic index and signicantly improved quality of
therapy compared to small molecule inhibitors.2

However, in spite of showing tremendous therapeutic
potential, RNAi-based therapeutics are far from clinical
usability. The rst clinical trial was started in 2004 and many
more thereaer, however, majority of these trials, with few
exceptions, could last for phase I or early phase II stages only.3 A
key challenge for their successful clinical application is the
efficient and safe delivery of siRNA into target cells against
milieu of extracellular and intracellular barriers. The extracel-
lular barrier includes hydrolytic instability, nuclease degrada-
tion; hydrophilicity and negative charge restricting its
jirao University of Baroda, Kalabhavan
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cytoplasmic entry by diffusion. Further, the intracellular
barriers such as endosomal degradation and intracellular traf-
cking also co-exist to preclude easy entry.2 A potential solution
to overcome these problem has been provided by viral/non-viral
gene delivery vectors.

Non-viral vectors are safe and less immunogenic than viral
vectors. Further, non-viral vectors composed of cationic poly-
mers are preferred over lipid based carrier when greater stability
is desired in physiological environment.4 Cationic polymers
contain several amine groups in their backbone which interact
with negatively charged siRNA leading to spontaneous forma-
tion of nanosized complexes. Among these cationic polymers,
PEI, especially branched PEI (bPEI), is well-known as good
transfection reagent due to its intrinsic proton sponge prop-
erty.5 However, due to high toxicity and lack of biodegradability,
it has no clinical applications. In contrast, linear PEI (LPEI) is
less toxic but it displays low transfection capacity.6

The high transfection efficiency of bPEI has been attributed
to the unique ratio of 1 �: 2 �: 3� amines of 1 : 2 : 1 imparting it
a typical ionization behavior. However, LPEI, being composed
of only secondary amines, fails to behave similar to bPEI, as
most of amines get protonated in pH range of 8.2 to 9.5.7,8

Several modications of LPEI have been tried for improved
transfection efficiency, however most of them involved tedious
and multistep synthesis.6,9–13 Therefore, we attempted a simple
modication of LPEI to inuence its ionization behavior,
hydrophilicity and consequently the biological properties such
as cell uptake and transfection efficiency.
RSC Adv., 2018, 8, 35461–35473 | 35461
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2. Experimental
2.1. Materials

LPEI (22 kDa), was gi from polychemistry, USA. Lip-
ofectamine® 2000 (L2K) was purchased from Invitrogen Life
Technologies (New York, USA). 2-Bromoethanol was purchased
from Sigma Aldrich, Bangalore. siRNA targeting human
epithelial sodium channel (ENaC) with antisense strand
sequence of ð50/30Þ ACUCCAACCUCUGGAUGAC was
purchased from Eurons MWG Operons Ltd (Germany). Car-
boxyuorescene FAM labelled negative control siRNA (FAM-NC-
siRNA) and non-target control siRNA (NTC control) with anti-
sense strand sequence ð50/30Þ ACGUGACACGUUCGGAGAA
was gi sample from GenePharma (Shanghai, China). The cell
culture reagents such as: 40,6-diamidino-2-phenylindole (DAPI),
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide,
Eagle's minimal essential medium (EMEM), Fetal bovine serum
(FBS), Antibiotic antimycotic solution (100�) were purchased
from Himedia (Mumbai, India).
2.2. Preparation of LPEI

LPEI was modied to achieve different degrees of substitution
(DS) on LPEI backbone to obtain hydroxyethyl substituted LPEI
(HELPEI). Briey, 500 mg of LPEI was dissolved in ethanol in
a round bottom ask. 2-Bromoethanol was added to it at varying
molar ratios to amine content in LPEI. Then 3.2 g potassium
carbonate was added as proton abstractor. The RBF was placed
on a preheated oil bath and reuxed for 48 h and increamental
quantity of 1.6 g K2CO3 was added at 12 and 24 h. Aer
completion the reaction mixture was centrifuged and superna-
tant was collected and evaporated under vacuum (400 mmHg)
on rotary evaporator at room temperature. The residue obtained
was reconstituted in double distilled water and dialyzed against
double distilled water to remove salts and any other low
molecular impurities. The retentate of the dialysis were lyoph-
ilized to obtain dry residue of HELPEI.
2.3. Characterization

For structural characterization, 1H NMR spectra of HELPEI were
recorded on Bruker Avance II 400 NMR spectrometer at 400
MHz. For this, LPEI and HELPEI were dissolved in D2O and 1H
NMR spectroscopy was performed with a 5 mm probe. All the
reactions were set at mole to mole basis to get desired DS, and it
was conrmed by 1H NMR. The degree of substitution (DS) was
determined by peak integration using the following relation:

N ¼ Peak area of C2H4 in hydroxyethyl� 100

peak area of C2H4N2 in PEI

The peak integration at chemical shis of d 2.3 to 2.9 were
considered for C2H4 in ethylene backbone, and d 3.25 to 3.61 for
C2H4 in hydroxyethyl substituent.

Further, the effect of substitution on solubility of HELPEI
was evaluated. Briey, PEI were dissolved in 0.1 N HCl (1 mg
mL�1), the pH of solution was titrated from 5.0 to 12.0 by using
0.1 M NaOH solution. The transmittance of solution at 600 nm
35462 | RSC Adv., 2018, 8, 35461–35473
as a function of pH value was recorded on a UV-visible spec-
trophotometer (Shimadzu, Japan).
2.4. Proton sponge effect

The buffer capacity of the LPEI and HELPEI from pH 10 to 3.5
was determined by acid–base titration as reported in litera-
ture.14 Briey, 10 mg of polymer was dissolved in 150 mM NaCl
solution. The solutions were adjusted to an initial pH of 10.0
using 1 N NaOH and then titrated with 0.1 N HCl and pH was
recorded using a pH meter. Buffer capacity was dened as the
percentage of amine groups protonated from pH 7.4 to 5.1, and
was calculated using following equation:

Buffer capacity ð%Þ ¼ DV � 0:1 M � 100

N mol

wherein, DV is the volume of HCl required to bring the pH from
7.4 to 5.1, and N mol is total moles of protonable amines in
given amount of polymer.15 Additionally, the ratio of protons
consumed in intervals of 7.4–5.1 to 10–7.4 was calculated as
secondary indicator of effect of DS on basicity of amines.
2.5. Preparation of polyplex

Since complexation efficiency of LPEI is function of charge
density and pH, all the polyplex were prepared in nuclease free
water adjusted to 7.4 pH using 20 mM sodium acetate. The
required amount of polymer stock solution (10 mg mL�1) was
diluted with sodium acetate buffer and then mixed with siRNA
at varying n/p ratio. The mixture was gently vortexed for 2 min
and incubated for 40 min at 25 �C.
2.6. Gel retardation assay

Agarose gel electrophoresis was used to study the complexation
of LPEI and HELPEI with siRNA at different n/p ratio. Briey, all
the incubated polyplexes (20 mL) were mixed with 6� DNA gel
loading buffer (Himedia, India) and loaded onto 4% agarose gel
containing 0.5 mg mL�1 ethidium bromide and electrophoresed
at 50 V in Tris-borate EDTA buffer pH adjusted to 7.4. Electro-
phoresed gel was visualized under UV trans-illuminator using
Gel Doc System (Bio-Rad Lab., USA). The n/p ratio required for
complete retardation of siRNA were determined for each poly-
mer. The complexation efficiency was determined by centrifugal
assay previously reported.16,17 Briey, siRNA polyplexes were
centrifuged at 25 000 rpm for 45 min at 4 �C. The aqueous
supernatant aer centrifugation was separated and analyzed for
siRNA content using NanoDrop UV spectrophotometer (Thermo
scientic, USA).
2.7. Size and zeta potential

The hydrodynamic size of the polyplexes was determined by
using dynamic light scattering using Zetasizer, Nano ZS series
(Malvern Instruments, Germany). The prepared polyplexes were
diluted appropriately with nuclease free water pH 7.4 and
measurements made at 25 �C. Similarly zeta potential was
measured by applying Smoluchowski's equation in the zeta
sizer soware.
This journal is © The Royal Society of Chemistry 2018
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2.8. Biocompatibility assessment

2.8.1. Erythrocytes aggregation assay. Cationic polymers
are known to induce erythrocyte aggregation; therefore, eryth-
rocyte aggregation was used to evaluate biocompatibility of
polymers. Erythrocytes were isolated from a fresh heparinized
rat blood by centrifugation at 1000g for 10 min at 4 �C. The
obtained pellet was washed several times with PBS pH 7.4 until
the supernatant became clear. Finally, the erythrocytes were
reconstituted in PBS pH 7.4 to prepare 2% v/v suspension. 500
mL of 2% erythrocyte suspension containing 50 mg mL�1 poly-
mer were prepared in PBS pH 7.4 mixed thoroughly by vortexing
and incubated for 2 h at 37 �C. The erythrocyte aggregation was
visualized using Nikon Eclipse TS100 inverted microscope
(Nikon, Japan) in phase contrast mode.

2.8.2. Hemolysis study. For hemolysis, 500 mL of 2%
erythrocyte suspension containing 10, 100, 1000, 2000 mg mL�1

polymer were prepared and thoroughly mixed by vortex and
incubated at 37 �C for 1 h.18 Aer incubation, cell suspension
was centrifuged at 3000 rpm for 10 min and the supernatant
was analyzed for hemoglobin release through absorbance
measurement at 540 nm. PBS and 1% Triton X 100 was used as
negative and positive control respectively. There was no inter-
ference of polymer at 540 nm.19 The % hemolysis was calculated
using the formula:

Haemolysis ¼ As � An

As � An

� 100

where, As is the absorbance of supernatant, An and Ap is the
absorbance of negative and positive control, respectively.

2.8.3. Cytotoxicity of polymer. Human bronchial epithelial
cells (CFBE41o-) were kind gi from Dr Dieter Gruenert (Cal-
ifornia Pacic Medical Center Research Institute and Depart-
ment of Laboratory Medicine, University of California, San
Francisco CA). The cells were seeded in a 96 well plate (5000
cells per well) in EMEM with 10% FBS and incubated at 37 �C
with 5% CO2 in humidied conditions for 24 h.20 Aer con-
uency, cells were exposed to polymers at concentrations of 5,
10, 20, 40, 80 mg mL�1 in EMEM for 6 h. Then, cells were
washed with PBS and incubated for 24 h in fresh EMEM with
10% FBS and 1% antibiotic. Aer incubation, media was
removed and cells were washed with PBS and 20 mL of MTT
solution (5 mg mL�1) was added to each well and further
incubated for 4 h. Then medium was removed and 100 mL of
dimethyl sulfoxide was added to dissolve the formazan crys-
tals. The plates were subjected to colorimetric analysis at
570 nm in a microtiter plate reader (Biorad, California) to
determine amount of dissolved formazan. Cells were treated
with EMEM (negative control) and 0.2% Triton X (positive
control) and cell viability was expressed relative to negative
control.
2.9. Stability challenge studies

2.9.1. Salt induced aggregation. To assess the stabilizing
effect of hydroxyethyl substitution against salt, polyplexes were
prepared at 100 nM siRNA concentration. Accurately weighted
quantities of NaCl were mixed to obtain concentration of 1%,
This journal is © The Royal Society of Chemistry 2018
2%, 3%, 4%, 5% w/v NaCl and particle size of each formulation
was measured using dynamic light scattering aer each
addition.

2.9.2. Heparin displacement assay. The extracellular
matrix is replete with polyanionic glycosaminoglycan which
may interact with the cationic carriers leading to displacement
of siRNA. The polyplexes prepared at optimized n/p ratio were
exposed to increasing heparin concentrations and polyplex
dissociation was observed by gel electrophoresis. In each case,
the heparin/siRNA ratio necessary to displace siRNA from pol-
yplex was noted.

2.9.3. Serum stability study. Serum stability was performed
to study stability under simulated in vivo conditions. The opti-
mized polyplexes were incubated with 50% FBS at 37 �C. Aer
incubation, integrity of siRNA was analyzed in the samples
through gel electrophoresis at different time intervals. Briey,
EDTA (0.5 M) was added to samples at each time point to inhibit
any nuclease activity and the polyplexes were treated with 1 mg
mL�1 heparin so as to dissociate the polyplexes. Thus, released
siRNA were electrophoresed on gel and compared for integrity
with the untreated siRNA sample. The siRNA retained by poly-
plexes at different time intervals was quantied using
densitometry.

2.10. Transmission electron microscopy (TEM)

TEM was performed to study the morphology of particles.
Briey, a sample drop was placed onto 300 # carbon coated
copper grid. Using lter paper, the surface water from the grid
was removed by tapping. Aer 5 min, grid was inserted into
microscope using a sample probe and observed at 200 kV
accelerating voltage with suitable magnication (25� to
75000�).

2.11. Cell uptake

2.11.1. Confocal microscopy. CFBE41o- cells were seeded
in a 24 well plate (104 cells per well) over a ame sterilized
cover glass (0.17 mm thick). Aer 24 h incubation, cells were
exposed to optimized siRNA polyplexes of FAM-NC-siRNA at
siRNA concentration of 100 mM. FAM-NC-siRNA/
Lipofectamine 2000 (L2K) complexes, as positive control,
were prepared as per Invitrogen protocol. Aer 6 h of treat-
ment, cells were washed twice with PBS and xed with 4%
paraformaldehyde solution (1 mL per well) by incubation for
3–5 min followed by immediate wash of PBS thrice. DAPI
solution (1 mg mL�1) was used to stain the nuclei for 15 min at
room temperature followed by PBS wash. The PBS : glycerin
solution (50 : 50) was used for mounting coverslips and
confocal microscopy was performed using confocal micro-
scope (LSM 710, Carl-Zeiss Inc., USA).

2.11.2. FACS. CFBE41o- cells were seeded in 24 well plate (5
� 105 cells per well) and incubated at 37 �C with 5% CO2 in
humidied conditions for 24 h. Aer conuency, cells were
treated and kept at 37 �C for 6 h with FAM-NC-siRNA complex
formulations at a concentration of 100 nM. Aer incubation
cells were washed thrice with cold PBS pH 7.4 and harvested
using trypsin to obtain a cell suspension in PBS pH 7.4, and
RSC Adv., 2018, 8, 35461–35473 | 35463
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analyzed using FACS-BD-Aria III BD, UDA. Naked FAM-NC-
siRNA and L2K complexed siRNA were used as negative and
positive control, respectively. FlowJo soware, version 10 was
used to analyze the data obtained from ow cytometer.
2.12. In vitro gene silencing

In a 24 well plate, CFBE41o- cells were seeded (105 cells per well)
and incubated for 24 h. Aer 80% conuency, cells were treated
at three different concentrations of ENaCa siRNA i.e. 25 nM,
50 nM and 100 nM prepared as polyplex formulations.
Untreated cells were used as negative control while L2K was
used as positive control. The gene expression was reported
relative to untreated control. NC-siRNA as HELPEI-35-siRNA
polyplexes was used to conrm the specicity. Aer incuba-
tion for 48 h, total RNA was isolated using TRIzol reagent and
reverse transcription into cDNA was carried out using RNA to
cDNA conversion kit. mRNA level was quantied using Step One
Real Time PCR using SYBR Green Mastermix, forward and
reverse primers (primers for ENaCa: F-50-CCTGGAATCAA-
CAACGGTCT, R-50-AGGGTTTCCTTCCTCATGCT producing PCR
product of 188 bp; primers for GAPDH: F-50-ATCCCATCAC-
CATCTTCCAGG, R-50-CAAATGAGCCCCAGCCTTCT producing
PCR product of 122 bp) and 2 ng of cDNA in a total reaction
volume of 15 mL. The mRNA expression was normalized against
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase
(GAPDH).
2.13. Statistical analysis

Experiments were performed in triplicate and data are
expressed as the mean � standard deviation (SD), unless
Fig. 1 (A) General scheme for preparation of HELPEIs with illustration
HELPEI-45.

35464 | RSC Adv., 2018, 8, 35461–35473
otherwise stated. The statistical signicance testing was per-
formed using a Student's t-test with p < 0.05.
3. Result and discussion
3.1. Characterization

The structural modication led to changes in chemical shis
values of proton. 1H NMR spectrum showed that in case of LPEI,
protons of C2H4 in ethylene backbone showed peaks at chem-
ical shi (d) values of 2.3 to 2.9 while the protons of C2H4 in
hydroxyethyl substituent show downeld shi in range of d 3.25
to 3.61 due to de-shielding effect of –OH group (Fig. 1). Based on
the chemical shi, integrations were performed in the scanned
NMR spectra of HELPEIs and DS was determined as shown in
Table 1.

Further, modication of LPEI led to signicant effects on
solubility of the polymer. LPEI is insoluble in water at
temperatures below 55 �C, with resultant pH of around 9.2.
The pH solubility prole of LPEI and HELPEI was studied from
pH 6.0 to 11.0 at room temperature. Fig. 2A and B shows the
results of solubility studies using turbidimetry. The trans-
mittance values at 600 nm showed that, at pH above 8.0 there
is tremendous drops in transmittance of LPEI from >90% to
less than 20%. LPEI becomes insoluble when it is less than
20% protonated, which occurs at pH values > 9.0. Surprisingly,
despite of loss of ionisable amines due to substitution, all
HELPEIs with DS of 25% and above showed >94% trans-
mittance at all pH values. This indicates that hydroxyethyl
substitution is also capable of introducing hydrophilicity to
HELPEIs and overcomes the pH dependent solubility, due to
which even at pH > 9.0 where amines are un-ionized, HELPEIs
remain soluble.
of hypothesis (B) 1H NMR spectrum of LPEI; (C) 1H NMR spectrum of

This journal is © The Royal Society of Chemistry 2018
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Table 1 Summary of polymer characteristics

Polymer Actual DS Molecular weight (Da) Ratio of HCla Buffering capacity (%)

LPEI 0 22 000 0.31 � 0.022 10.32 � 0.22
HELPEI-15 11.75 24 645 0.34 � 0.018 13.53 � 0.35
HELPEI-25 22.18 26 993 0.39 � 0.029 15.33 � 0.22
HELPEI-35 33.38 29 514 0.44 � 0.038 17.31 � 0.34
HELPEI-45 43.26 31 738 0.50 � 0.028 18.28 � 0.27
bPEI-25 kDa — — 0.38 � 0.034 17.85 � 0.25

a Ratio of HCl consumed in pH interval of 7.4–5.1 to 10–7.4.
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3.2. Proton sponge effect

Buffer capacity is one of the most essential traits sought in
a gene vector, which plays role in destabilization of endosome
and releases the polyplexes from endosomes. Previous studies
with PEGylated PEI reported that graing of PEG to PEI have
resulted in reduction in buffer capacity due to shielding effect of
PEG.21 The pKa of LPEI is inuenced by presence of salt due to
screening of electrostatic potential around LPEI chain (shiing
of pKa to higher values), therefore titrations were performed in
150 mM NaCl solution.

The secondary amines of LPEI are basic in nature with pKa in
range of 9.0. Hydroxyethyl substitution could lead to signicant
deviation in protonation behavior. It converts secondary amines
to tertiary amines, which are depleted of electron density and
thereby have reduced basicity. The order of basicity of amines in
aqueous media is as follows: primary amine > secondary amine
Fig. 2 (A) Overlay of UV-transmittance spectra of LPEI, at pH 6, 7, 8 (top
Summary plot of transmittance of LPEI and HELPEI at different pH. (C) A

This journal is © The Royal Society of Chemistry 2018
> tertiary amine. In addition, all the secondary amines of LPEI
are not protonated at same pH, as titratable sites are close
together, i.e. only two methylene units separating nitrogen,
protonation state of a site electrostatically affects the proton-
ation of nearby sites. The analogy can be made from ethyl-
enediamine, which requires a signicantly lower pH (pK2 of
7.08) for protonation of second amine to occur aer the rst
amine group (pK1 of 9.89) has been protonated. Finally, as chain
becomes increasingly substituted, the next-nearest-neighbor
interactions leads to further deviation in protonation behavior.8

To assess the quantitative effect of modication of LPEI on
protonation behavior, the titration curve was divided into
different regions. The region 10 to 7.4 indicates the approximate
amount of protonated amines at physiologic pH. Fig. 2 shows
that LPEI curve was inclined in this region and therefore
becomes most cationic at physiologic pH. While all HELPEIs
curves were steep in this region due to reduced protonation in
three), and pH 9.0 to 11 (at bottom) and HELPEI-35, at pH 6.0 to 11. (B)
cid–base titration of LEPI and HELPEI with 0.1 N HCl.

RSC Adv., 2018, 8, 35461–35473 | 35465
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this region. Further, the comparison of ratio of protons
consumed in pH range of 7.4–5.1 (endosomal pH) to the
protons consumed in pH range of 10–7.4, showed an increasing
trend with increasing DS. Finally, the buffer capacity calcula-
tions (Table 1) show that, the buffer capacity of LPEI was lowest
i.e. 10.32, which increased with increasing DS and it crossed
buffer capacity of bPEI (the standard used in proton sponge
assays).
3.3. Gel retardation assay

For LPEI the optimized n/p ratio for complete retardation was 4.
This is because, LPEI being at least 55% of the amines
protonated at 7.4 pH, leads to strong electrostatic interaction.22

The n/p ratio for complete retardation for HELPEI-15, HELPEI-
25, HELPEI-35, and HELPEI-45 were 5, 6, 8, and 15, respectively
(Fig. 3). This implies that with increase in DS the binding
affinity of HELPEI to siRNA is reduced. The effect could be
attributed to suppression of ionization and reduced charge
density. Literature has reported that aer substitution with PEG
Fig. 3 Gel electrophoresis images for gel retardation assay of polyplexes
45.

35466 | RSC Adv., 2018, 8, 35461–35473
molecules there is a drastic reduction in binding efficiency due
to shielding of charges.23,24 This may eventually lead to higher
intake of non-biodegradable polymer to deliver the desired dose
of siRNA. In contrast, the substitution with low molecular
weight hydroxylethyl group could be advantageous as it does not
lead to such drastic reduction in binding affinity.

However, as the DS is increased from 35% to 45% there was
an anomalous increase in n/p required for complete retarda-
tion. This indicates that the charge reduction was non linear
with DS beyond certain point. This deviation could be attributed
to the fact as chain becomes increasingly susbtituted, the
cumulative build-up of neighbour interactions leads to signi-
cant supression of basicity of nitrogens.8 Thus to deliver same
dose of siRNA, higher quantity HELPEI-45 would be required.
3.4. Size and zeta potential

The size of polyplexes formed from HELPEIs with lower DS were
comparatively smaller than with higher DS at the given n/p
ratio, showing that there is decrease in the affinity of polymer
of (A) LPEI, (B) HELPEI-15, (C) HELPEI-25, (D) HELPEI-35 and (E) HELPEI-

This journal is © The Royal Society of Chemistry 2018
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with higher DS. However, as the n/p was increased the sizes for
all were <200 nm, as desired. The results of zeta potential
showed that polyplexes were able to maintain the positive
charge aer complexation with anionic siRNA molecules.
However, as DS increased the zeta potential was found to
decrease. The decrease in zeta potential could be the result of
reduced ionization of the amines on the polymeric backbone at
measurement pH of 7.4. As expected the increase in n/p values
led to increase in zeta potential. The effect of n/p ratio on
particle size, PDI and zeta potential is shown in Table 2.

3.5. Complexation efficiency

The amount of siRNA in free form is prone to degradation by
nucleases and hydrolytic conditions present in extracellular
milieu.25 Therefore, it was necessary that the optimized n/p ratio
contains maximum amount of siRNA in bound form to the
vector. The polyplexes were characterized for complexation
efficiency by centrifugal assay. Table 3 shows that both the LPEI
and HELPEIs were able to condense more than 95% of siRNA at
their optimized n/p ratios.

3.6. Biocompatibility study

3.6.1. Hemolysis. During hemolysis, polymers produce
nano-sized pores in cell membrane inducing an inux of solutes
into the cells which causes rupture by destabilization of
membrane and release of hemoglobin molecules. Along with
charge, polymer structure and conformation has also been
implicated in toxicity, wherein rigid and helical conformations
are said to be more membrane permeabilizing.26 Fig. 4, shows
that LPEI caused extensive hemolysis (>10%) at concentration
ranging from 10 to 2000 mg mL�1 (Fig. 4B). As stated earlier, LPEI
is more than 50% ionized at pH 7.4 leading to charge dependent
toxicity.8 Surprisingly, bPEI exhibited less hemolysis compared to
LPEI at all concentrations. This could be because of bPEI being
comparatively less ionized at pH 7.4, as only 25% of total amine
content is primary amine and 50% is of secondary amine which
are partially ionized.27 However, HELPEI-15 to HELPEI-45 led to
signicant decrease in hemolysis (p < 0.05). Noticeably, HELPEI-
35 and HELPEI-45 showed <3% hemolysis at all the concentra-
tions. This can be attributed to combined effect of increase in
hydrophilicity and the decrease in charge density. Besides charge
reduction, the substitution may make polymer exible, affecting
Table 2 Particle size and zeta potential of LPEI and HELPEI polyplexes

Formulation n/p ratio Particle size (nm

LPEI 4 168.7 � 4.5
6 129.8 � 2.3

HELPEI-15 5 185.3 � 3.8
7 135.2 � 3.2

HELPEI-25 6 213.5 � 4.6
8 138.8 � 2.5

HELPEI-35 8 248.9 � 4.7
10 156.5 � 5.6

HELPEI-45 15 311.2 � 6.2
17 195.7 � 4.4

This journal is © The Royal Society of Chemistry 2018
the conformation responsible for membrane adsorption and
permeabilization.28

3.6.2. Erythrocyte aggregation. During aggregation process
the polymer molecules rst interact with the surface of colloids
and then bridge/chains inter-tangle with each other leading to
occulation and aggregation.29 As shown in Fig. 4A, it was
observed that LPEI induced signicant erythrocyte aggregation
at all the concentrations selected. However, in case of HELPEIs
the erythrocyte aggregation was found to be reduced with
increase in DS. The HELPEI-15 and HELPEI-25 showed aggre-
gation as that of LPEI indicating that the cationic charge
present even aer 25% DS was sufficient to interact with cell
membrane and induce aggregation. When DS reached 35% and
45% the resultant decrease in the charge density and favorable
change in conformation could have resulted in no aggregation.

3.6.3. Cytotoxicity of polymer. The cytotoxicity of LPEI and
HELPEIs was determined in vitro in CFBE41o- cells. The
biocompatibility of any polymer is reported to be governed by
polymer properties such as molecular weight, charge density and
type of charge bearing functionality, structure (block, random,
linear, and branched) and conformational exibility.26 Different
methods to reduce cytotoxicity are based on charge reduction
and surface coating with hydrophilic polymer such as PEG. As
shown in Fig. 4C, LPEI was found to be very toxic as it reduced the
cell viability to 15% at 80 mg mL�1 and less than 55% at all the
concentrations tested. This could be due to biphasic toxicity of
PEI: rst rapid phase (30 min), due to translocation of phos-
phatidylserine from inside to outer cell surface; second delayed
phase (24 h), due to channels formation in outer mitochondrial
membrane and disturbance of membrane potential.30

In case of HELPEIs, it was observed that the cytotoxicity
decreased with increase in DS. This was attributed to cumu-
lative effect of decrease in the charge density at physiologic pH
of 7.4, alteration in structural and conformational property, as
well as increased hydrophilicity. At DS of 15% and 25% there
was signicant toxicity (p < 0.05). However, aer further
increase in DS, HELPEI-35 and HELPEI-45 showed signicant
improvement in cell viability, almost �90% and more at all
concentrations, compared to other polymers (p < 0.05).
Therefore, based on biocompatibility studies, HELPEI-35 and
HELPEI-45 were concluded as desired safe vectors and were
considered for further characterization.
) Mean PDI Zeta potential (mV)

0.219 � 0.013 26.2 � 1.54
0.147 � 0.009 29.4 � 1.61
0.215 � 0.018 25.8 � 2.50
0.152 � 0.014 28.1 � 1.68
0.237 � 0.017 24.1 � 1.84
0.171 � 0.012 26.6 � 1.55
0.259 � 0.025 18.3 � 2.79
0.175 � 0.015 21.2 � 1.70
0.287 � 0.028 17.3 � 2.81
0.213 � 0.019 17.5 � 2.87
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Table 3 Complexation efficiency at the optimized n/p ratio

Formulation
Optimized n/
p ratio

Complexation
efficiency (%)

LPEI 6 97.29 � 1.36
HELPEI-15 7 98.54 � 2.04
HELPEI-25 8 97.37 � 1.29
HELPEI-35 10 97.09 � 2.44
HELPEI-45 17 95.48 � 2.62
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3.7. Stability challenge studies

3.7.1. Electrolyte induced occulation. LPEI showed
a dramatic �1.8-fold increase in size aer salt additions
(Fig. 5A). This indicates that stability of LPEI was largely gov-
erned by ionized functional groups and resultant balance
between attractive and repulsive force i.e. a response similar to
lyophobic colloid to salt addition.31 The counterions from salt
neutralize opposite charges and induce particle aggregation.
However, the HELPEI polyplexes retained size to a considerable
extent. HELPEI-35 and HELPEI-45 showed only 1.19 and 1.17-
fold increase in initial size, respectively. HELPEI might have
derived signicant portion of its stability from the hydrated
hydroxyethyl chains, rather than ionized functional groups.32

The response was similar to that of lyophilic colloids, which
derive stability from hydrophilic substituents and are less
sensitive to salt additions.

3.7.2. Resistance to heparin displacement. The resistance
to heparin competition assay depends on ratio of heparin to
siRNA. This also gives idea, whether the formulations were
made at appropriate n/p in context of in vivo stability.33 Stability
up to heparin/siRNA weight ratio of >1 is considered
Fig. 4 (A) Results of erythrocyte aggregation study; (B) hemolytic pot
potential of polymers at different concentrations.

35468 | RSC Adv., 2018, 8, 35461–35473
appropriate for achieving adequate in vivo stability.34 Fig. 6,
shows that LPEI polyplex showed displacement from weight
ratio of 2, and nally 100% dissociated at heparin/siRNA weight
ratio of 4. The HELPEI-35 and HELPEI-45 polyplexes were
evaluated at their optimized n/p ratio. It was found that
HELPEI-35 started releasing siRNA from heparin/siRNA weight
ratio of 1.5 and completely released at weight ratio of 3. HELPEI-
45 started releasing siRNA from heparin to siRNA weight ratio of
1.0 and completely released at weight ratio of 2. Thus, HELPEI-
35 polyplexes had higher resistance than HELPEI-45 polyplexes.

3.7.3. Serum stability study. The serum stability is essen-
tial, since polyions present in the extracellular matrix in vivo and
in vitro cell culture media can compete with siRNA and displace
them.35 LPEI polyplexes showed good stability in serum chal-
lenge study. The HELPEI-35 polyplexes showed excellent
stability which was evidenced as absence of degraded siRNA in
gel electrophoresis. The band of the siRNA released aer
heparin treatment of samples had >96% siRNA, while HELPEI-
45 had >80% of siRNA at all-time points. On the other hand,
naked siRNA showed degradation in 6 h (Fig. 6D–F).

3.8. TEM

Fig. 5B shows the morphology of the HELPEI-35 and HELPEI-45
polyplexes as observed through TEM. The TEM images showed
that polyplexes were spherical and compact. They were discrete
with no visible evidence of aggregation, proving the homoge-
nous state of system. The images support the light scattering
data; however, the size was relatively smaller than that observed
in DLS measurement. The effect might be result of recording of
hydrodynamic radius of the particles in DLS which is more than
the actual size.
ential of different HELPEIs at different concentrations; (C) cytotoxic

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (A) Electrolyte induced flocculation. (B) TEM image of HELPEI-35 polyplex; (C) TEM image of HELPEI-45 polyplex.
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3.9. Cell uptake

3.9.1. Confocal microscopy. As seen from Fig. 7, naked
siRNA showed negligible cellular uptake, while PEI polyplexes
showed marked cellular uptake. The observed low uptake of
Fig. 6 (A–C) Resistance to heparin displacement assay of polyplexes of
naked siRNA, lane 2: 0.25, lane 3: 0.5, lane 4: 1.0, lane 5: 1.5, lane 6: 2, lan
time points: (D) naked siRNA at time lane 1¼ 0 h, lane 2¼ 0.5 h, lane 3¼ 1
6.0 h; (E and F) HELPEI-35 and HELPEI-65 respectively at times: lane 1¼ 0
16 h, lane 7 ¼ 24 h.

This journal is © The Royal Society of Chemistry 2018
naked siRNA is direct result of high molecular weight as well as
high hydrophilicity which interferes with membrane interac-
tion and cell uptake. The commercial transfecting agent, L2K
showed signicant cell uptake.
(A) LPEI; (B) HELPEI-35; (C) HELPEI-45 heparin/siRNA w/w ratio: lane1:
e 7: 3, lane 8: 4). (D–F) Serum stability study showing siRNA released at
.0 h, lane 4¼ 2.0 h, lane 5¼ 3.0 h, lane 6¼ 4.0 h, lane 7¼ 5.0 h, lane 8¼
h, lane 2¼ 1.0 h, lane 3¼ 2.0 h, lane 4¼ 4.0 h, lane 5¼ 8.0 h, lane 6¼

RSC Adv., 2018, 8, 35461–35473 | 35469
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Fig. 7 Cell uptake of screened formulations by confocal microscopy; (A) naked siRNA, (B) LPEI polyplexes, (C) HELPEI-35 polyplexes, (D) HELPEI-
45 polyplexes, (E) L2K lipoplexes.
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On the other hand, LPEI, being cationic charged, forms
polyplexes with siRNA and protects it from degradation.
However, LPEIs association with the cells had a typical pattern,
in which uorescence was observed around cell membrane
high-lighting the periphery of cell. The literature reports also
show similar observations in case of LPEI.23,36 In contrast,
35470 | RSC Adv., 2018, 8, 35461–35473
polyplexes of HELPEI-35 and HELPEI-45 showed considerable
uptake compared to naked siRNA. The uorescence was
throughout the cytoplasm rather than at the cell periphery,
which indicates good cytoplasmic intake of siRNA. Literature
reports that, PEGylated carriers interfere with cell interaction
due to presence of large hydration shell leading to lower cell
This journal is © The Royal Society of Chemistry 2018
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uptake.37 However, the small length hydrophilic groups used in
present case did not interfere with cell surface interaction.

3.9.2. FACS. It was apparent from the data, Fig. 8, that cells
treated with naked FAM-NC-siRNA showed very low level of
uptake (�9.0%), while PEI based positively charged polyplexes
and Lipofectamine showed higher uptake (>60%) inside cells.
Similarly, LPEI and HELPEI polyplexes showed signicant cell
uptake compared to naked siRNA (p < 0.05). The LPEI poly-
plexes, due to cationic charge and small size are able to show
signicant cell association. The increase in DS suppressed the
cationic charge in HELPEIs polyplexes; however, the residual
cationic charge was sufficient to encourage membrane inter-
action and allow endocytosis. However, the difference in cell
uptake of HEPEIs and LPEI was signicant (p < 0.05). The lower
cell uptake in case of LPEI could be attributed to the cytotox-
icity, aggregation of particles.

Comparison of HEPEI-35 and HELPEI-45 polyplexes showed
that cell uptake in case of HELPEI-35 was higher than that of
Fig. 8 Histograms of FACS analysis, (A) unstained control, (B) naked siR
yplexes, (F) L2K lipoplexes and (G) % cell uptake observed in FACS.

This journal is © The Royal Society of Chemistry 2018
HELPEI-45 (p < 0.05). This means that increased DS beyond
certain point does not lead to increase in cell uptake, whichmay
be due to poor cell interaction as a result of signicant
suppression of ionization. The developed biocompatible
HELPEI-35 and HELPEI-45 showed a signicant improvement
(p < 0.05) in cell uptake compared to LPEI. Thus, based on FACS
data the order of cell uptake of analyzed formulations could be
stated as: HELPEI-35 > HEPEI-45 > L2K > LPEI > naked siRNA.
3.10. RT-PCR

To study the gene knockdown real time PCR was used. The cells
were transfected with siRNA concentration at 25 nM, 50 nM and
100 nM. To conrm that gene silencing was due to siRNA only
and not due to any off-target effect or non-specic inhibitions,
we also included polyplexes of HELPEI-35-NC-siRNA, which
showed negligible gene knockdown compared to the control. As
shown in Fig. 9, highest knockdown was observed at 100 nM
NA, (C) LPEI polyplexes, (D) HELPEI-35 polyplexes, (E) HELPEI-45 pol-

RSC Adv., 2018, 8, 35461–35473 | 35471
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Fig. 9 % gene expression in CFBE41o- cells after treatment LPEI based
formulations.
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siRNA. At this level, naked siRNA showed 89.03 � 3.38% gene
expression. At the same concentration HELPEI-35 and HELPEI-
45 polyplexes showed 33.32 � 6.39% and 30.54 � 5.14% gene
expression, respectively, which was signicantly higher than
LPEI. Lipofectamine (L2K), also showed good transfection effi-
ciency (43.34 � 5.16%).

Although FACS studies had shown good cell uptake for LPEI,
the transfection was not in concordance with it. This can be
explained by confocal studies which showed that cellular asso-
ciation of LPEI was preferentially on the membrane with little
cytoplasmic appearance. It might be possible that surface
associated polyplex were not internalized or unable to escape
from endosomes aer internalization. Thus, positive surface
character may ensure cell attachment, the subsequent endo-
somal escape and unloading is a limiting factor in gene
expression. Similarly, cationic polymers such as poly-L-lysine,
poly arginine etc. are less efficient in transfection because of
their poor endosomal escape capacity.38

The endosomal escape is essential, otherwise the nucleic
acid is readily degraded following drop in pH in endosomal–
lysosomal pathway. The superiority of HELPEIs over LPEI could
be attributed to higher buffer capacity (Table 1) and greater
cytoplasmic uptake as observed in confocal images. Further,
though HELPEI-35 and HELPEI-45 polymer were equivalent in
buffer capacity, the difference in gene expression between
HELPEI-35 and HELPEI-45 polyplexes can be explained based
on results of FACS, which showed that, HELPEI-35 polyplexes
were more efficient in cell uptake due to greater positive surface
charge than HELPEI-45 polyplexes.
4. Conclusion

The study demonstrates the benecial effect of proposed
modication of LPEI on the physicochemical and biological
properties of LPEI. Compared to other PEI modication, which
require tedious and multistep synthesis, the present study
provides a simple alternative. The results showed that hydrox-
yethyl substitution improved the hydration properties, solu-
bility of LPEI. Further, it changed the ionization behavior due to
conversion of secondary amines into tertiary amines and next-
nearest-neighbor interactions leading to suppression of ioni-
zation. The suppressed ionization led to decreased surface
35472 | RSC Adv., 2018, 8, 35461–35473
charge at physiologic pH along with a possible change in
conformational exibility leading to reduced hemolytic poten-
tial and cytotoxicity. The study also showed that with proper
choice of DS, the suppression of ionization can be inuenced in
way so as to benet the most important aspect of nucleic acid
delivery i.e. proton sponge capacity and endosomal escape.
Finally, cell uptake and transfection behavior demonstrated the
potential for safe and efficacious delivery of siRNA.
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