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In the present study, a carboxymethylated guar gum-grafted-polyethyleneimine copolymer (CMGG-g-PEl)
was synthesized and characterized by FT-IR, 'H NMR, XRD and zeta potential analyses. CMGG-g-PE|
exhibited good binding ability with plasmid DNA (pDNA) and formed complexes with sizes ranging from
150 to 200 nm when the polymer/pDNA weight ratio was above 10 : 1. SEM analysis revealed a compact
and spherical morphology of CMGG-g-PEI/pDNA complexes. The results from cytotoxicity and blood
compatibility studies revealed the less toxic profile of CMGG-g-PEl. The in vitro gene transfection
efficiency of the CMGG-g-PEI/pDNA complex was optimized in A549 cell and CMGG-g-PEI showed
better transfection efficiency compared to the well-known standard polymer, polyethyleneimine (PEI). All
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1. Introduction

Gene therapy is a modern clinical approach where a genetic
material is transferred to specific cells to treat chronic diseases
and genetic disorders. There are two types of carriers, which are
used as a gene delivery vehicle i.e. viral and non-viral vectors.
Now a days, uses of viral vectors are limited due to the fatal
drawbacks such as immunogenicity, potential infectivity,
complicated production and oncogenic effects."™*

Hence, non-viral gene delivery vehicles are becoming
importance and are in the limelight. Among the non-viral
vectors, cationic polymers are being used due to several
advantages including low immunogenicity, high variability of
structure and properties, ability to deliver large size genetic
materials and large-scale production at low cost.>® Another
decisive advantage of the cationic polymers is the ease of their
protonation at physiological pH for endosomal buffering to
prevent DNA from lysosomal degradation. As a macromolecular
delivery agent, polycations can spontaneously condense poly-
nucleotides such as plasmid DNA (pDNA), small interfering
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RNA (siRNA), and micro-RNA (miRNA) to deliver nucleic acids
into different cell types.”” Amongst the non-viral vectors, poly-
ethyleneimine (PEI) behaves as a “golden standard” in non-viral
gene transfection application due to its high buffering capacity
along with high transfection efficiency.'® This polymer is used to
package plasmid DNA (pDNA) into nanoparticles for gene
therapy due to its high charge density, membrane destabiliza-
tion potential and ability to protect endocytosed pDNA from
enzymatic degradation.'* The high transfection efficiency of PEI
has been postulated and relate to its unique “proton sponge
effect”.”*** The high charge density of PEI and its strong
interaction with cell membranes results in higher transfection
efficiency."'® However, the cytocompatibility of PEI at higher
doses in PEI/pDNA polyplex is not at satisfactory level.

Transfection efficiency and cytotoxicity of PEI are strongly
related to the molecular weight of PEI. With low molecular
weight branched-PEI (LMW b-PEI) molecular weight 2000 Da or
less exhibits lower cytotoxicity and lower transfection efficiency,
whereas PEI with high molecular weight (25 kDa) exhibits
higher transfection efficiency and also possesses higher
cytotoxicity.'”*®

Currently, efforts are being undertaken to decrease cytotox-
icity and improve the transfection efficiency of gene vectors by
cross-linking low molecular weight units via linkages that are
potentially degradable.>*** However, toxicity is one of the
major concerns for PEI to be used in gene delivery, and it
increases with an increase in molecular weight'”****** as a non-
biodegradable polymer, it will accumulate in the body especially
for high molecular weight, leading to an unknown risk for long-
term use.”® To overcome this drawback, several approaches have
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been explored to reduce the cytotoxicity of LMW b-PEI by
grafting it with polyethylene glycol (PEG), other biocompatible
and degradable polyesters*® or polysaccharides**® via disul-
fide bonds.” Although, the cytotoxicity could be reduced
significantly by the introduction of biodegradable bonds, the
PDNA delivery efficiency is also reduced probably by the intro-
duction of the biodegradability, causing a decrease in the amine
density of the polymers.

By keeping all these in mind, we are in search for alternatives
that should have similar pDNA-condensing capability, pH-
buffering properties and potential transfection efficiency as
comparable with native PEI. To prepare such kind of gene
delivery vehicle with the above said properties, guar gum (GG) is
selected for the present study to graft with LMW b-PEI to get
efficient gene delivery system with reduced cytotoxicity. GG is
a polygalactomannan derived from the seeds of a leguminacea
plant, Cyamopsis tetragonolobus, and having a backbone of B-b-
mannopyranoses linked 1 — 4 to which, on average, every
alternate mannose and o-p-galactose is linked 1 — 6.® Despite
the wide spread application of GG as disintegrating agent,
binding agent, film forming agent, matrix forming agent,
release modifier, viscosity enhancing or gelling agent, emulsi-
fier, suspending agent and bioadhesive agent,> there is no
report of GG as gene delivery system. Herein we synthesize GG
grafted LMW b-PEI (800 Da) copolymer through conjugation of
LMW b-PEI (800 Da) with carboxymethylated GG (CMGG) by
carbodiimide chemistry. The synthesis of CMGG grafted PEI
(CMGG-g-PEI) was characterized by Fourier transforms infrared
(FTIR), X-ray diffractometer (XRD) and proton nuclear magnetic
resonance ("H NMR). The complexation capability of CMGG-g-
PEI with pDNA was confirmed by agarose gel electrophoresis
assay followed by characterization of CMGG-g-PEI/pDNA
complexes with dynamic light scattering (DLS), transmittance
electron microscopy (TEM), scanning electron microscopy
(SEM) and atomic force microscopy (AFM). Cytotoxicity and
blood compatibility of CMGG-g-PEI/pDNA complexes were also
evaluated. Finally, the gene transfection efficiency of CMGG-g-
PEI copolymer was optimized in A549 lung carcinoma cell.

2. Experimental section
2.1. Materials

Guar gum and chloroacetic acid were obtained from Merck
(India) and picrylsulfonic acid [2,4,6-trinitrobenzene sulfonic
acid (TNBS)] was obtained from Sigma-Aldrich (USA). 3-[4,5-
Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT),
1-ethyl-3(3 dimethyl aminopropyl)carbodiimide (EDC) and N-
hydroxy succinamide (NHS), 2-(N-morpholino)ethane sulfonic
acid (MES buffer), Dulbecco's modified Eagle’s medium
(DMEM), penicillin-streptomycin, trypsin and fetal bovine
serum (FBS) were purchased from HiMedia (India). DNase I was
purchased from Thermo Scientific, India. Agarose was
purchased from Sisco Research Laboratories Pvt. Ltd., India.
PEGFP-N1 control vector (4.7 kb containing SV-40 promoter)
was kindly donated by Dr Gopal Chakroborty, Department of
Biotechnology, University of Calcutta. The plasmids were
propagated in Escherichia coli (E. coli) and the plasmid DNA
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(pDNA) from E. coli was isolated with QIAGEN Midi prep pDNA
isolation Kit (USA) according to the manufacturer's instruc-
tions. All other reagents were analytical grade and were used
directly without further modification.

2.2. GG purification procedure

The commercial GG was purified according to the procedure
reported earlier® without any modifications.

2.3. Synthesis of CMGG

CMGG was synthesized by following the previously reported
method.” In brief, 6 g of purified GG was dispersed in 160 ml of
isopropanol and water mixture (8:2 v/v ratio), in a 250 ml
round bottom flask connected to an oil bath, and equipped with
magnetic stirrer. To that 18 g of NaOH was added and stirred for
an hour at 50 °C. 15 g chloroacetic acid dissolved in 10 ml
isopropanol was then added drop wise to the reaction mixture
over a period of 30 min. The reaction mixture was heated at 50
°C with continuous stirring for 4 h. The reaction was stopped by
addition of excess cold ethanol and the reaction product was
repeatedly extracted with ethanol and separated by centrifuga-
tion. After the third extraction, the pH was adjusted to 7 with
several drops of glacial acetic acid and then washed with water
and 80% ethanol and finally vacuum-dried. The schematic
diagram for the synthesis of CMGG is shown in Fig. 1a.

2.4. Determination of degree of substitution of CMGG

The degree of substitution (DS) of CMGG was estimated using
titration method as reported elsewhere.”® CMGG (1.5 g) was
dispersed in 50 ml of 2 M HCI (using 70% methanol as solvent)
and the suspension was stirred continuously for 2 h. During this
process, the sodium form of CMGG (Na-CMGG) was converted
to its hydrogen form (H-CMGG) and then washed with 95% (v/v)
ethanol and filtered. The filtrate was then dried in a vacuum
oven at 60 °C for 2 h. The dried 0.5 g of H-CMGG was dissolved
in 50 ml of 0.1 M NaOH solution and stirred for 2 h and the
excess of NaOH was back titrated with 0.1 M HCI solution using
phenolphthalein as an indicator. The DS was calculated using
the following equation:

Wa = Cnaor Vaon — CucL Vacr/m
DS = 162W /5900 — 58W 4

where, Cnaon and Cyg are the molar concentration of standard
NaOH and HCI solutions, W, is the mass fraction of CH,COOH,
Vnaom 1S the volume of NaOH and Vi is the volume of HCl and
m is the weight (g) of polymer taken.

2.5. Synthesis of CMGG-g-PEI

CMGG-g-PEI was synthesized through conjugation of LMW b-
PEI (800 Da) with GG by carbodiimide chemistry using 1-
ethyl-3(3 dimethyl aminopropyl)carbodiimide (EDC) and N-
hydroxy succinamide (NHS) as coupling agent. At first, 3 g of
CMGG was dissolved in 50 ml 0.1 M MES buffer to maintain pH
at 6.5. Then, EDC and NHS were added to the solution at
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Fig. 1

(a) Schematic representation on conversion of GG to CMGG. (b) Synthesis mechanism of CMGG-g-PEl. (c) Preparation of polymer/DNA

complex. (d) Schematic diagram illustrates polymer/DNA complex encapsulation, intracellular stimulus responsive DNA release and protein

synthesis.

a molar ratio of 1:4 : 4 (CMGG : EDC : NHS) and the reaction
mixture was stirred at room temperature for 24 h to activate the
carboxyl group of CMGG. Secondly, 15 g of LMW b-PEI (800 Da)
dissolved in water was added to the activated CMGG solution.
Then, the pH of the solution was maintained at 6.5 and the
reaction continued for another 48 h at room temperature. The
resultant solution was purified by exhaustive dialysis (MWCO-
10 kDa) against double distilled water for 48 h followed by
lyophilization to get CMGG-g-PEL. The reaction scheme of
CMGG-g-PEI is shown in Fig. 1b.

2.6. Estimation of primary amine groups in CMGG-g-PEI
(TNBS assay)

The percentage of primary amine groups presented in CMGG-g-
PEI was quantified using TNBS assay according to the procedure
summarized by Mitra et al.**

2.7. Characterization of the polymers

FTIR analysis was carried out with FTIR spectroscopy (model-
Alpha, Bruker, Germany).

XRD of the polymers was performed by a wide angle X-ray
diffractometer (Panalytical X-Ray Diffractometer, model-X'pert
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Powder) with CuK, radiation (A = 1.544) in the range of 5-50°
(26) at 40 kv and 30 mA.

"H NMR spectra were determined on a Bruker NMR system
(Germany) at 400 MHz using D,O as solvent. Chemical shifts
were reported in ppm using tetramethyl silane (TMS) as an
internal reference.

The average molecular weight of pure GG, CMGG, and
CMGG-g-PEI was determined by gel-permeation chromato-
graphic technique. Standard dextran T-250, T-200, T-70 and T-
40 were passed through a Sepharose 6B column, and the
elution volumes were plotted against the logarithms of their
respective molecular weights.** The elution volume of GG was
then plotted in the same graph, and molecular weight of GG was
determined. In the same way CMGG and CMGG-g-PEI molec-
ular weight were determined.

Zeta potential value of GG, CMGG, and CMGG-g-PEI were
measured by Zetasizer Nano ZS (Malvern Instrument, UK). For
investigating the influence of pH, the zeta potential value for
native GG and modified GG were measured at different pH
values of 4, 5, 6 and 7.

ESI file ES17 detailed the thermal stability studies on the
CMGG-g-PEI copolymer in comparison with the individual
reactants.

This journal is © The Royal Society of Chemistry 2016
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2.8. Preparation of polymer/pDNA complexes

GG and CMGG-g-PEI were dissolved in acetic acid/sodium
acetate buffer at pH 5.5 with a concentration of 1 mg ml™"
and 0.2 mg ml " respectively and the solutions were filtered by
a millipore (0.45 pum) filter paper. pDNA was dissolved sepa-
rately (100 pg ml™') in 25 mM of sodium sulphate solution.
Prior to the polymer/pDNA complex (polyplex) formation, the
polymer and pDNA solutions were preheated separately at 55 °C
for 10 min. Then, polyplexes at different weight ratios (polymer/
pDNA weight ratiosof 1:1,5:1,10:1,15:1,20:1,25: 1 and
30:1) containing 0.5 pg pDNA in each weight ratio were
prepared by immediate mixing of equal volume of polymer and
pDNA solution as given details in Table 2 and vortexed for 15-30
s with cyclomixer (REMI, India). The resulting mixtures were
then incubated at room temperature for 30 min to complete the
polyplex formation. A schematic representation on the prepa-
ration of polymer/DNA complex shown in Fig. 1c.

2.9. Agarose gel retardation assay

The binding efficiency of GG and CMGG-g-PEI with pDNA was
determined by agarose gel (0.8%, w/w) electrophoresis (100 V
for 45 min) and the gel image was subsequently captured by
BIOTOP gel doc system (Shanghai, China). Agarose gel (0.8%, w/
w) was prepared in TAE buffer (40 mmol 1" Tris acetate, 1 mmol
1" EDTA) and ethidium bromide (10 pg ml~") was added to the
gel as a pDNA visualizer.

2.10. DNase I digestion assay

The digestion of naked pDNA and polyplexes with DNase I (1 U
per pg of pDNA) was assayed in 10 mM phosphate buffered
saline (PBS) containing 5 mM MgCl, at 37 °C. At first, freshly
prepared polyplexes and naked pDNA were incubated with 1 pl
of DNase I (1 U ul™', Fermentas, USA) for 10 min at 37 °C and
then DNase I was inactivated by the addition of 0.5 M of EDTA.
The degradation of pDNA was monitored by 0.8% agarose gel
electrophoresis and subsequently photographed by using Bio-
Rad Chemi Doc XRS+ molecular imager.

2.11. Characterization of polyplexes

2.11.1. Determination of particle size and zeta potential.
The particle size and surface charge of polyplexes at different
weight ratios were measured by Zetasizer Nano Z Sat 25 °C in
triplicate. Zeta potential measurements were performed in
automatic mode using a capillary zeta potential cell.

2.11.2. Transmission electron microscopy (TEM). The
morphology of CMGG-g-PEI/pDNA complex at weight ratio of
30 : 1 was observed using TEM (JEM 1010, JEOL, Japan).

2.11.3. Buffering capacity. The buffering capacity of GG,
CMGG-g-PEI and only PEI (MW of PEI 800 Da) was measured by
acid-base titration assay between pH 10 and 2.**

2.11.4. Blood compatibility. The blood compatibility of
CMGG-g-PEI at different concentrations (0.01 mg ml~*, 0.02 mg
ml™', 0.03 mgml™*, 0.05mgml™*, 0.075 mgml™*, 0.1 mgml™?)
was examined by haemolytic assay according to the procedure
described.”® Water and PBS were used as positive and negative

This journal is © The Royal Society of Chemistry 2016
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controls, respectively. In the present experiment, fresh human
blood sample was collected from the patients through proper
ethical permission and clearance. Twelve healthy patients (six
healthy male and female) were chosen as sample size.

2.11.5. In vitro cytotoxicity. Human non-small lung
epithelial adenocarcinoma cell line Type II, A549, was obtained
from the cell repository of National Centre for Cell Science
(NCCS), Pune, India. In vitro cytotoxicity of GG, LMW b-PEI (800
Da) and CMGG-g-PEI was measured in A549 cells using MTT
colorimetric assay. Branched PEI (b-PEI, 25 kDa) was used as
positive control. Briefly, A549 cells were seeded into 96-well
culture plates at a density of 1 x 10" cells per well. After 24 h
incubation, the cells were treated with CMGG-g-PEI, GG, LMW
b-PEI (800 Da) and b-PEI (25 kDa) at different concentrations (0-
500 pg ml~") for 24 h. 50 pl MTT (2 mg m1~") solution was then
added to each well and the cells were incubated until a purple
precipitate was visible. Subsequently, 100 ul of Triton-X100 was
added and incubated in the well under darkness for 2 h at room
temperature. The absorbance was measured on a micro plate
reader (Versa Max Absorbance Micro plate Reader, Molecular
Devices, California, USA) at a test wavelength of 570 nm and
a reference wavelength of 650 nm. Data were calculated as the
percentage of cell viability by the following formula:

% Cell viability = [100 — (A4/A4)] x 100 (1)

A and A, indicated the absorbance of the test substances and
solvent control, respectively.

2.11.6. In vitro transfection. A549 cells were seeded in 6-
well plates at the density of 1 x 10° cells per well in 1 ml of
complete medium (DMEM low glucose medium supplemented
with 10% FBS) buffered with 5 mM MES buffer (pH 6.5) and
incubated at 37 °C in a humidified atmosphere containing 5%
CO, until the cells were approximately ~80% confluent. GG/
pPDNA and CMGG-g-PEI complexes were prepared at weight
ratios of 10 : 1 and 30 : 1 according to the conditions described
above (containing 1 ng pDNA in each weight ratio) prior to the
transfection. Two hours before transfection, the complete
growth medium was replaced with fresh media without FBS and
antibiotics. To maintain the pH of the transfection media at
~pH 6.5, 5 mM MES buffer (pH 6.5) was added to DMEM. The
polymer/pDNA complexes containing 1 ug pDNA at different w/
w ratios were added into each well and were incubated at 37 °C
in a CO, incubator under humidified condition for another 4 h.
After 4 h, the transfection media was replaced with complete
growth media and incubated for 24 h. All transfections were
carried out in triplicate. Naked pDNA and b-PEI (25 kDa)/pDNA
at N/P ratio (nitrogen to phosphate ratio) of 10 were used as
negative and positive control, respectively. Following 24 h of
incubation, the cells were analyzed for green fluorescence
protein (pEGFP-N1) expression with a fluorescence microscope
(OLYMPUS IX70, Japan).

For flow cytometric analysis, pEGFP-N1 transfected A549
cells were harvested by trypsinization, washed twice with PBS,
PH 7.4 and the cell suspensions were then transferred to 5 ml
flow cytometry tubes and EGFP expression in the transfected
cells were quantified using a Becton-Dickinson FACS Calibur
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flow cytometer. The obtained data were analyzed using Cell
Quest program from Becton-Dickinson. For each sample,
10 000 events were counted and the green fluorescence of EGFP
was detected by FL1 channel of the flow cytometer.

3. Result and discussion

In the present study, the purified commercial product GG was
used for carboxymethylation. By Williamson ether synthesis
procedure, carboxymethylation of GG was synthesized by
consecutive two-step reaction. A strong base, such as sodium
hydroxide was added to the GG solution to deprotonate the free
hydroxyl groups (particularly, the hydroxyl group of -CH,OH
groups in GG) to form alkoxides, thereby increasing their
nucleophilicity. Carboxymethyl groups are then formed in
a reaction between guar alkoxides and chloroacetic acid as
shown schematically (Fig. 1a).

The synthesis of CMGG and CMGG-g-PEI was confirmed by
FTIR. The spectrum of pure GG shows absorption bands around
3386, 2928 and 1150 cm™ " due to the presence of O-H, C-H and
C-O stretching vibrations. The absorption band around 1025
cm™ " was due to the glycosidic linkage of pyranose ring of GG.*
Whereas, in CMGG spectrum, two new bands are appeared at
1604, and 1324 cm ™', corresponding to the COO™~ asymmetric
and symmetric stretching vibration due to carboxyl group of the
carboxymethyl moiety of CMGG. PEI was characterized by the
broad band of primary, secondary and tertiary amine groups at

View Article Online
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around 3200-3500 cm ™' and absorptions at 1640, 1546 and
1464 cm™ " were assigned to the primary amine end groups (N-
H and C-N). FTIR spectrum of CMGG-g-PEI displayed signifi-
cant changes compared to the parent GG due to grafting of PEI
with CMGG. The peak at 1604 cm™ ' in CMGG disappeared in
CMGG-g-PEI and the intensity of the peak at 1454 cm ™' was
reduced as compared to CMGG. The peak observed at 1640
cm~ ' in PEI was shifted to 1576 cm™" in CMGG-g-PEI resulting
from the -CONH due to the reaction between the carboxyl group
of the CMGG and amine group of PEI The FTIR spectra Fig. 2a
confirm that the monochloroacetic acid was successfully
immobilized on the GG backbone as well as PEI (800 Da) was
successfully grafted on CMGG back bone.

The wide angle XRD of native GG, CMGG and CMGG-g-PEI
were represented in Fig. 2b. It is observed that the native GG
exhibits low crystallinity similar to the observations made by Pal
et al** After carboxymethylation, a typical reduction in crystal-
linity was observed in CMGG. This loss in crystallinity may be
due to destruction of hydrogen bonding through the carboxy-
methylation of the hydroxyl groups of native GG. The intermo-
lecular hydrogen bonding in GG is responsible for the higher
crystallinity in GG; when the interaction is disrupted, it leads to
the reduction in the crystallinity of CMGG. However, in the case
of CMGG-g-PE], the crystallinity increased after grafting of PEI
to CMGG. This could be due to the formation of hydrogen bond
between amine group of PEI and carboxyl group of CMGG of
CMGG-g-PEL
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Fig. 2c¢ illustrates the "H NMR spectra details of GG, CMGG
and CMGG-g-PEI The characteristic peaks of pure GG in D,0O
solvent appeared at ¢ 4.65 (s) was due to anomeric protons and
at 6 3.5-3.9 (m) and 2.05-2.06 (d) were due to sugar protons.
While in CMGG spectrum, peaks at 6 = 3.8, 3.9 and 4.08 ppm,
were attributed to the methylene protons of carboxymethoxy
substituents of a-p-galactose unit and f-p-mannose unit of C-6
and C-3 positions, respectively. The peak at 6 = 4.6 and 4.95
was due to anomeric proton of CMGG overlaid by the solvent
peak (D,O-d), and the other peaks located around § = 3-4.1
were due to sugar protons of CMGG.** CMGG-g-PEI shows the
presence of either peaks resonating at 3.4-2.6 ppm belonging to
PEI’® or those of CMGG at 4.0-3.6 ppm and the smaller signal of
anomeric protons around 5.0 ppm was clearly decreased by

% Degree of substitution =

absorbance of ungrafted polymer + absorbance of grafted polymer
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Table 1 Zeta potential for GG, CMGG and CMGG-g-PEI

pH GG CMGG CMGG-g-PEI
7 -10.8 —29.8 +0.345

6 ~10.2 -19.8 +2.09

5 —4.49 —18.5 +7.59

4 —3.57 -15.9 +15.9

potential values for GG, CMGG and CMGG-g-PEL It is observed
that GG show negative zeta potential at pH range from —4.0 to
7.0. But the negative zeta potential increased significantly after
carboxymethylation of GG attributed to the incorporation of
anionic carboxylate groups in CMGG. The zeta potential became
positive in CMGG-g-PEI due to conjugation of cationic PEI (800
Da) with CMGG. CMGG-g-PEI showed higher positive zeta
potential in the acidic pH region due to the protonation of the
amino groups of PEI, leading to higher positive charges and
hence higher positive zeta potential value. On the other hand, at
the higher pH range, CMGG-g-PEI shows less positive zeta
potential value due to the presence of less number of positively
charged ions. The results suggest the conjugation of PEI with
CMGG through amide linkage. The amine groups on the surface
of CMGG-g-PEI could then be beneficial for the formation of bio
conjugates.

Though, all the spectral studies have proved the successful
carboxymethylation on native GG and the grafting through
covalent bonding between the free -NH, group of PEI and the
—-COOH group of CMGG, the percentage of degree of substitu-
tion by TNBS assay corroborates well with the results obtained
and the percentage degree of substitution was calculated as
43.22%, calculated by the following equation.

x 100

increasing the amount of PEI grafted onto the CMGG. The
grafting of PEI on CMGG backbone has also been confirmed by
the following results.

The change in peak position and molecular weight of GG
before modification and after modification also suggested
the synthesis of CMGG-g-PEI copolymer as shown in Fig. 3.
The average molecular weight of unmodified GG was 218.07
kDa. After reaction of GG with chloroacetic acid, the
molecular weight slightly increased from 218.07 kDa to
218.78 kDa due to incorporation of small molecule of car-
boxymethyl group in CMGG. But, after conjugation of PEI
(800 Da) with CMGG the molecular weight significantly
increased to 239.83 kDa indicating the synthesis of CMGG-g-
PEI copolymer.

The zeta ({) potential is an important parameter to examine
the possibility of the existence of a positive or negative surface
charge, depending on the pH of the solution. At low pH, most
particles exhibit a positive charge; as the pH is raised, a nega-
tively charged surface is formed. Table 1 depicts the zeta

This journal is © The Royal Society of Chemistry 2016

absorbance of ungrafted polymer

3.1. Complexation of the copolymer with pDNA

Electrostatic interactions between the negatively charged
nucleic acids and the cationic CMGG-g-PEI to form CMGG-g-
PEI/pDNA complexes were investigated by agarose gel electro-
phoresis assay. The gene condensing capabilities of CMGG-g-
PEI were evaluated by conducting a gel retardation assay to
determine whether the gene was shielded by polycations or
exposed on the surface of the polyplex. The ability of CMGG-g-
PEI to condense pDNA was evaluated by agarose gel electro-
phoresis with CMGG-g-PEI/DNA at different weight ratios
ranging from 1:1 to 30:1 as shown in Fig. 4a and b. Fig. 4
shows that free pDNA displays two distinct fluorescent bands,
corresponding to the super coiled and circular forms of the
plasmid. Due to negative zeta potential of GG (Table 1), GG did
not show any pDNA complexation capability at any weight ratios
from 1:1 to 30 : 1 as shown in Fig. 4a. But, the complexation
capability of GG drastically improved after conjugation of PEI
(800 Da) and GG-g-PEI started to complex all pDNA at very low
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PDNA

CMGG-g-PEI

Polymer/pDNA wt ratio

Naked PDNA

.
pDNA DNasel 10:1 20:1  25:1

CMGG-g-PEI PEI PEI
(800 Da) (25 kDa)

Fig. 4 (a) Agarose gel electrophoresis of (i) GG/pDNA complex and (ii)
CMGG-g-PEI/pDNA complex at different weight ratios. Gel retarda-
tion of complexes for their critical complex ratio: lane 0, pDNA only;
lanes 1-9, complexes at weight ratio of polymer to pDNA=1:1,5:1,
10:1,15:1,20:1, 25:1 and 30 : 1. (b) DNase | assay of GG/pDNA,
CMGG-g-PEI/pDNA and PEI (800 Da)/pDNA and PEI (25 kDa)/pDNA
complexes at different weight ratios.

weight ratio of 10 : 1 where no migration of pDNA was observed
(Fig. 4b). After conjugation of PEI (800 Da) with GG, CMGG-g-
PEI showed positive zeta potential and as a result CMGG-g-PEI
complexed with negatively charged pDNA through electrostatic
interaction compared to unmodified GG. The results suggest,
positive zeta potential would be good for DNA binding within
our experimental conditions.

3.2. DNase I digestion assay

For successful gene delivery, it is a prerequisite for the carrier in
the carrier/pDNA complexes to protect the pDNA against
degradation by cellular nucleases.” Since mammalian cells
contain several nucleases which are capable to degrade the DNA
in their extracellular space and also in their cytoplasm, so it is
necessary for the carrier to protect the DNA from these nucle-
ases for successful transfection. Here, we performed DNase I
protection assay to evaluate whether the synthesized CMGG-g-
PEI can protect the pDNA from nucleases during transfection or
not.

Fig. 4c demonstrates the capability of GG and CMGG-g-PEI
copolymers to protect pDNA against DNase I digestion. As
shown in Fig. 4c, naked pDNA was completely digested by
DNase within 15 min of incubation, confirming the activity of
nuclease. As observed from the Fig. 4c GG did not show any
protection of pDNA against DNase I irrespective of all weight
ratios, but CMGG-g-PEI copolymers efficiently protected the
pDNA from DNase I digestion at or above weight ratio of 10 : 1.
From agarose gel electrophoresis assay, it was found that GG
was not able to bind pDNA and resulted no protection of pDNA
against DNase I whereas CMGG-g-PEI protected pDNA effi-
ciently from weight ratio of 10 : 1 because CMGG-g-PEI started
complex efficiently with pDNA from this weight ratio. These
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results showed that CMGG-g-PEI could protect DNA efficiently
against digestion by DNase I, which is one of the prerequisite
for efficient gene delivery inside the mammalian cells.

3.3. Particle size and zeta potential

The particle size and zeta potential of carrier/DNA complex for
efficient transfection are another two important parameters.*”**
Positive charge of carrier/DNA complex is thought to be helpful
for its absorption to negatively charged cellular membrane, also
leading to efficient intracellular trafficking.® It is reported that
the cells typically uptake particles ranging from about 50 to
several hundred nano meters.* Fig. 5a and b illustrate the
average diameters measured by dynamic light scattering (DLS)
and overall surface charge of CMGG-g-PEI/pDNA complexes at
different weight ratios in PBS buffer (pH 7.4), respectively. As
GG did not show any complexation capability with pDNA, we
have not shown here the particle size and zeta potential of GG/
PDNA complexes. It is found that the particle size of the
complexes tends to decrease with the increase in weight ratio of
CMGG-g-PEI/pDNA from 1:1 to 30: 1. From the figure, it is
observed that the particle sizes of CMGG-g-PEI/pDNA complex
at weight ratios of 1: 1 and 5 : 1 were around 170-190 nm but
the size increased at weight ratio of 10 : 1. The particle size at
low weight ratios may be responsible either uncomplexed
CMGG-g-PEI or pDNA. Agarose gel electrophoresis assay
(Fig. 4b) showed CMGG-g-PEI started to complex with pDNA at
weight ratio of 10 : 1 and resulted larger particle size due to
loosely complexation. The particle size was further decreased
with increase in CMGG-g-PEI/pDNA weight ratio beyond 10 : 1
because of strong complexation. CMGG-g-PEI formed smallest
complex with pDNA at weight ratio of 30 : 1 and the particle size
of the complex at this weight ratio was around 185 nm. CMGG-g-
PEI/pDNA complexes also showed positive zeta potential having
the value around 10-20 mV beyond the weight ratio of 10 : 1.
The positive zeta potential of CMGG-g-PEI/pDNA complex above
the weight ratio of 10 : 1 may be beneficial for better cellular
uptake as well as enhanced transfection efficiency. Similar
results were observed in previous studies.??

Further analysis using transmission electronic microscope
(TEM) revealed that the particle size of CMGG-g-PEI/pDNA
complex at weight ratio of 30 : 1 varied from 136.8-142.2 nm
Fig. 5c. It was also observed from the figure that CMGG-g-PEI/
PDNA complex was spherical in shape.

The size and morphology of CMGG-g-PEI/pDNA complexes
were further observed by SEM as well as AFM as shown in Fig. S1
and S2,T respectively. SEM and AFM images also showed that
the morphology of CMGG-g-PEI/pDNA complex was round and
spherical, and there was no obvious aggregated polyplexes in
the field of vision as shown in Fig. S1;1 the polyplexes were
found to have spherical shape and compact structure. More-
over, the AFM images demonstrated that the size of the nano-
particles was roughly within the range of 130-145 nm at weight
ratio of 30 : 1. These results are well collaborated with DLS data.
The particle size in Fig. 5a was hydrodynamic size of CMGG-g-
PEI/pDNA complex at weight ratio of 10: 1 and the size was
around 300 nm which was larger than the size obtained from
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Fig. 5 (a) Particle size of CMGG-g-PEI/pDNA complexes at different weight ratioof 1:1,5:1,10:1,15:1,20:1,25:1and 30 : 1. (b) Surface
charge of CMGG-g-PEI/pDNA complexes at different weight ratiosof 1:1,5:1,10:1,15:1,20:1,25: 1and 30 : 1; (c) TEM image of CMGG-g-
PEI/pDNA complex at weight ratio of 30 : 1 was prepared in 25 mM sodium acetate buffer (pH 5.5) containing 1 pg of pDNA. (d) Acid—base
titration profiles of 150 mM NaCl, PEI 800 Da, GG, CMGG and CMGG-g-PEI. All these solutions were adjusted to pH 10 and then titrated with 0.01

M HCL

AFM. The TEM image was taken at dried condition. Definitely
the size at dried condition will be smaller than hydrodynamic
diameter.**

3.4. Enzymatic degradation

The wet weight of the film was slightly increased initially due to
swelling; and then decreased due to the disintegration of the
film in presence of the enzyme. The time required for complete
disappearance of the film was used to assess their degradability.
Results revealed that the complete disappearance of CMGG-g-
PEI was observed after eight hours of incubation with enzyme
solution whereas GG film was completely disappeared within
two hours of time.

3.5. Buffering capacity

According to the proton sponge hypothesis, an appropriate
buffering capacity is important to cationic polymeric vectors
because the buffering effect causes an increase in osmotic
pressure in the endosome, leading to the disruption of the
endosomal membrane to facilitate the carrier/DNA complex

This journal is © The Royal Society of Chemistry 2016

transport into the cytoplasm.** One of the primary causes of low
transfection efficiency of any non-viral vector is inefficient
release carrier/DNA complex from endosomes to cytoplasm. The
buffering capacities of CMGG-g-PEI, LMW b-PEI (800 Da) and
GG were examined by acid-base titration method as shown in
Fig. 5d. The polymer with a high buffering ability would
undergo a small change in pH when the same amount of HCI
was added into the polymer solution during titration.** PEI (800
Da) had a strong buffering capacity. GG showed very poor
buffering capacity due to absence of proton accepting func-
tional groups. After grafting of PEI (800 Da) with GG, the buff-
ering capacity of CMGG-g-PEI significantly improved as
compared with GG but still lower than that of PEI. The lower
buffer capacity of CMGG-g-PEI could be attributed to lower
number of amine group in copolymer compared to PEI only.
According to Gabrielson & Pack, (2006) (ref. 44) an increase in
the acetylation degree of PEI resulted in a reduction of the
polymer buffering capacity. However, the titration curves of
these copolymers showed a decrease in pH at a faster rate than
that of PEI (800 Da) due to the following two reasons; (i) in
comparison with PEI (800 Da), the number of primary,
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secondary, and tertiary amines groups which may be protonated
in the copolymers is less, resulting in lower buffer capacity; (ii)
the unreacted carboxyl groups of the copolymer would inhibit
the protonation of the amine groups of the oligoamine. This
neighbouring effect of carboxyl groups of copolymers might
also result in the lower buffer capacity.

3.6. Blood compatibility

In vitro erythrocyte-induced hemolysis is considered to be
a simple and reliable measure for estimating blood compati-
bility of materials. The haemolytic assay is a significant index of
the material for the application in the biomedical field because
the material is usually exposed to blood environment and
damaged the erythrocytes in a certain degree. In the present
study, the assay was carried out to evaluate the blood compat-
ibility of CMGG-g-PEI. The results as shown in Fig. 6a suggest
there was no damage on the erythrocytes due to the addition of
CMGG-g-PEI and confirm the blood compatibility property of
the polymer.

3.7. Cytotoxicity of the polymers

For eventual application in vivo, it is important that our
synthesized copolymer should have minimal cytotoxicity. So, to
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investigate the cytotoxicity of the CMGG-g-PEI copolymers, cell
viability was measured in A549 cells using MTT colorimetric
assay. Fig. 6b illustrates that CMGG-g-PEI showed significantly
lower cytotoxicity than that of, LMW b-PEI (800 Da) and, b-PEI
(25 kDa) in A549 cells. Thus, Fig. 6b showed that unmodified
GG exhibited very little cytotoxicity towards A549 cells and
almost 80% of the cells were viable in the presence of GG even at
very high concentration (500 pug ml~"). However, Fig. 6b also
demonstrates that the cell viability of A549 cells in presence of
CMGG-g-PEI copolymers over the concentration range studied
(0-500 pg ml~*) were significantly higher than that of both,
LMW b-PEI (800 Da) and b-PEI (25 kDa) suggesting significantly
lower cytotoxicity. The cytotoxicity data also demonstrated that
though CMGG-g-PEI showed a little higher cytotoxicity than
normal GG but it has significantly lower cytotoxicity that of the
corresponding PEI dose.

3.8. Invitro transfection

To estimate the transfection efficiency of synthesized polymer,
CMGG-g-PEI/pDNA complexes were prepared at different weight
ratios from 10 : 1 to 30 : 1 with plasmid pEGFP-N1 according to
the conditions described previously. The transfection studies
were carried out in A549 cells and compared with GG and LMW
b-PEI (800 Da) alone. PEI (25 kDa)/pDNA complex weight ratio

120 ~
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Fig. 6 (a) Blood compatibility studies of CMGG-g-PEl where 1. Positive control (50 ul RBC + 950 ul H,O) 2. Negative control (50 ul RBC + 950 pl
PBS) and 3, 8, 10, 20, 30, 50, 75 and 100 ul of CMGG-g-PEl sample make up to 950 pul with PBS and then 50 pl of RBC sample was added and mix.
(b) Cell viabilities of GG, CMGG-g-PEl and PEI (800 Da and 25 kDa) at different concentrations in A549 cell. Data are shown as mean + SD (n = 3).
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of 30:1 was used as a positive control. Typical fluorescence
images of the transfected A549 cells were shown in Fig. 7a. It is
observed that GG did not show any transfection efficiency at any
weight ratios as expected although some GFP positive cells were
found which may be resulted by only pDNA as obtained in only
PDNA transfection. But the transfection efficiency significantly

(a)

pDNA only

GG/pDNA
(30:1)

CMGG-g-PEI/pDNA
(10:1)

GG/pDNAGG/pDNA
(10:1) -

CMGG-g{PEI/pDNA
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increased after conjugation of LMW b-PEI (800 Da) with GG.
However, the transfection efficiency of CMGG-g-PEI/pDNA
complex at weight ratio of 30:1 was much higher than the
weight ratio of 10 : 1. The increased transfection efficiency of
CMGG-g-PEI/pDNA complex at weight ratio of 30 : 1 might be
related to the smaller particle size compared to that of 10:1

(b)
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Fig. 7 (a) Typical fluorescence images of A549 cells transfected by no pDNA, only pDNA, GG/pDNA and CMGG-g-PEI/pDNA complexes at

different weight ratios. Whereas PEI (800 Da)/pDNA and PEI (25 kDa)/pDNA complexes shows the transfection at the weight ratio of 30 : 1. (b)
Representative flow cytometric analysis of GFP-expressing cells after 48 h post transfection by no DNA, only DNA, GG/pDNA complex at weight
ratios of 10 : 1 and 30 : 1, CMGG-g-PEI/pDNA complexes at weight ratios of 10 : 1 and 30 : 1, PEI (800 Da)/pDNA and PEI (25 kDa)/pDNA
complex at weight ratio of 30 : 1. (c) Representative bar graph for transfection efficiency of no DNA, only DNA, GG/pDNA complex at weight
ratios of 10 : 1 and 30 : 1, CMGG-g-PEI/pDNA complexes at weight ratios of 10 : 1 and 30 : 1, PEI (800 Da)/pDNA and PEI (25 kDa)/pDNA
complex at weight ratio of 30 : 1 in A549 cell. Data are shown as mean + SD (n = 3).
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Table 2 Polyplex preparation details
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Stock polymer solution DNA stock solution (pl)

concentration Polymer/DNA (stock concentration Sodium sulphate ~ Polymer Acetate buffer  Total volume of
(mg ml™) weight ratio (w/w)  0.25 pg ul ™) solution (pul) solution (ul)  solution (ul) solution (pl)
0.2 0:1 2 18 0 0 20
1:1 2 8 1 9 20
5:1 2 8 5 5 20
10:1 2 8 10 0 20
1 15:1 2 8 3 7 20
20:1 2 8 4 6 20
25:1 2 8 5 5 20
30:1 2 8 6 4 20

weight ratio. The transfection efficiency of the CMGG-g-PEI/
PDNA complexes gradually increased and optimal transfection
efficiency was obtained at a w/w ratio of 1 : 30. Further increase
in the weight ratio resulted in gradual decrease in transfection
efficiency with an increase in cell death (data not shown). The
transfection efficiency of CMGG-g-PEI/pDNA complex at weight
ratio of 30 : 1 was higher than that of LMW b-PEI (800 Da)/pDNA
complex but lower than PEI (25 kDA)/pDNA complex at the same
weight ratio. Although b-PEI (25 kDa) was much more toxic
compared to that of CMGG-g-PEI at the equivalent concentra-
tion to the weight ratio of 30 : 1. The increased transfection
efficiency of the copolymer may be ascribed to the higher amine
content from LMW b-PEI (800 Da). After the grafting of PEI to
CMGG, the PEI moieties acted as a sponge and enhanced the
release of CMGG-g-PEI/pDNA complexes from endosome and
leading to improve transfection efficiency. Though CMGG-g-PEI
copolymers have little less transfection ability than that of b-PEI
(25 kDa), it was found to be of much lower cytotoxicity than that
of b-PEI (25 kDa); this less cytotoxicity is a prerequisite for
successful gene transfection.

The transfection efficiency of CMGG-g-PEI/DNA complexes
was further quantitatively determined through flow cytometric
analysis of the transfected A549 cells. Fig. 7b demonstrated the
respective dot plots of transfection efficiency with GG and the
copolymer at weight ratios of 10 : 1 and 30 : 1 and LMW b-PEI
(800 Da and 25 kDa)/pDNA complexes at weight ratio of 30 : 1.
B-PEI (25 kDa)/pDNA complex at weight ratio of 30 : 1 served as
a positive control and only pDNA as negative control. Fig. 7b
shows that grafting of LMW b-PEI (800 Da) with GG back bone
significantly increased its pDNA binding ability and conse-
quently the transfection efficiency. While unmodified GG
showed comparable transfection ability with pDNA only.
CMGG-g-PEI copolymer showed almost 40% gene transfection
efficiency, which was higher than that of LMW b-PEI (800 Da)
Fig. 7c. This is probably due to increase in surface charge
density of CMGG by the grafting of LMW b-PEI (800 Da) mole-
cule. The higher surface charge of the copolymer resulted in the
more efficient pDNA binding and enhanced complexation
ability of the copolymer with pDNA and thereby showed
increased transfection efficiency. The overall transfection
process of the prepared CMGG-g-PEI/pDNA complex has been
described in the Fig. 1d.

13740 | RSC Adv., 2016, 6, 13730-13741

4. Conclusion

We successfully conjugated PEI to the carboxyl groups of CMGG
which was prepared from GG to synthesize CMGG-g-PEI copol-
ymer via Williamson's ether synthesis and carbodiimide
chemistry. The buffering capacity of CMGG-g-PEI was signifi-
cantly enhanced compared to that of GG. The synthesized
copolymer displayed strong pDNA condensation capability by
forming positively charged polyplexes and protected pDNA
degradation against DNase I digestion as well as displayed its
capacity to release pDNA into the cell due to its high proton
sponge effect. In vitro experiments indicated that the trans-
fection efficiency of CMGG-g-PEI/pDNA complexes was signifi-
cantly higher than that of LMW b-PEI (800 Da)/pDNA but lower
than that of b-PEI (25 kDa)/pDNA complexes in A549 cell. On the
other hand, the graft copolymer showed much lower cytotoxicity
compared to both PEIL The results suggested that CMGG-g-PEI
could be a safe and efficient non-viral vector for gene therapy
application.
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