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was developed through conjugating by low molecular weight polyethylenimine (LPEI) (GNP) using napthalic an-
hydride coupling agent and characterized them by FT-IR, 'H NMR, XRD and UV spectrophotometer. The carrier
was found to be cytocompatible as revealed by MTT assay against MDA-MB-231 and HeLa cell lines and excellent
blood compatibility till the concentration of 200 ug/ml. In addition to these, the carrier exhibited excellent gene
binding capability and formed spherical shaped complexes. The carrier showed very high in vitro transfection ef-
ficiency in TNBC cell (MDA-MB-231) compared to lipofectamine 2000 (LF2k) which could be justified by its high
buffering capacity. Therefore, GNP may be an attractive non-viral gene carrier for gene therapy of TNBC in future.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Triple negative breast cancer (TNBC) alone contributes about
10-20% of all breast cancer cases in women worldwide [1]. The inade-
quacy of available chemotherapeutics against TNBC is due to the ab-
sence of estrogen receptor (ER), progesterone receptor (PR) and
human epidermal growth factor receptor 2 (HER2) expressions [2]. So,
the development of targeted chemotherapy for TNBC has been a lucra-
tive field of research for scientist over the globe. However, along with
the over-expression of epidermal growth factor receptor (EGFR) in
most TNBC cases [3], overexpression of mannose- receptor could also
been found. Zhou and co-workers demonstrated that mannose deco-
rated self-assemble nanoparticle was selectively taken up by TNBC cell
line i.e. MDA-MB-231 which over expresses mannose receptor [4].
Therefore, mannose receptor targeted delivery could be a reliable strat-
egy for TNBC targeted delivery.

In the replacement of conventional chemotherapeutic delivery, gene
delivery got tremendous attention for last few decades in cancer therapy
[5]. Delivery of the gene of interest could be achieved by viral and non-
viral vector system. Among them viral vector mediated gene delivery
attained higher response in clinical trials because of their higher capacity
to transfect unlike the achievements made by the non-viral vector systems
[6]. Despite of the high transfection efficiency of the viral vectors, immuno-
genicity is the major concern associated with their delivery [7]. Whereas,
non-immunogenicity, low toxicity, flexibility in chemical modification
and more over low production cost made the non-viral vectors a superior
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carrier for gene delivery. Polyethyleneimine (PEI), polyamidoamine
(PAMAM), modified chitosan are the widely used non-viral carrier system
[8]. There are a good number of scientific experiments have been done
using PEI as a non-viral carrier because of their high transfection efficiency
i.e. in case of branched PEI (25 kDa) [9] but elevated level of cytotoxicity
limits its use. Whether PEI (2 kDa) has low toxicity but inadequate trans-
fection efficiency has been a major concern [10]. Like PEI, another cationic
polymer PAMAM is also a superior non-viral vector having high transfec-
tion efficiency with increase generation of it but higher generation of
PAMAM induce higher cytotoxicity (PAMAM). Other than the toxicity re-
lated issues, there are several other conditions which affect the non-viral
gene delivery includes non-specific delivery, degradation by endogenous
enzymes, lysosomes along with poor nuclear transport [11]. To surmount
that inadequacy, several strategies have been made to get higher transfec-
tion efficiency for non-viral vectors like ligand mediated targeted delivery,
conjugation of fusogenic peptide etc. [12-14]. On the other hand, naturally
abundant polymers like chemically functionalized chitosan derivatives
have been extensively studied for gene delivery application for last few de-
cades [15]. There is an another naturally occurring polymer named as Guar
Gum (GG), which is chemically, polygalactomannan and could be derived
from the endosperm of Cyamopsis psoraloides or Cyamopsis tetragonolobu.
Guar gum has several applications in the field of food industries, process of
water purification, cosmetic industries and biomedical field [ 16]. However,
their potency to become a non-viral gene delivery vector was not been
evaluated before our previous work [17]. GG itself has no affinity to bind
gene of interest so, in this experimental design we have conjugated PEI
(2 kDa) to GG through naphthalimide moiety. Naphthalimide moiety
used as a coupling agent however, some previous reports suggested that
some derivatives of naphthalimide have anticancer property. Like,
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according Chen et al. naphthalimide and its derivatives are well known
DNA topoisomerase Il inhibitor [ 18]. Naphthalimide derivatives intercalate
with DNA to exert the antitumor activity [19]. As a first naphthalimide de-
rivative, Amonafide is in the stage of clinical trial as a potent anticancer
agent and active against solid tumour [20]. In few research works, it has
also been found that few naphthalimide derivatives could arrest the cell
cycle at G2/M phase to show anticancer activity [21]. The anticancer/anti-
tumor property of naphthalimide and its derivatives have been evaluated
against HepG2 cell line [21,22], SMMC-7721 [21], HeLa [18], HL60 [23],
MCF7 [24] cell line. So, in this work we developed non-viral vector having
naturally abundant GG as a backbone to which low molecular weight PEI
was conjugated through naphthalimide moiety and evaluated their trans-
fection capability, which could lead to form a superior and receptor-
targeted gene delivery vehicle for TNBC in future.

2. Experimental
2.1. Materials

Guar gum, chloropropyl amine and dried DMSO were purchased
from Merck (India). 4-Bromo-1,8-naphthalic anhydride, low molecular
weight PEI (LPEI, 2 kDa) and high molecular weight PEI (25 kDa) were
obtained from Sigma-Aldrich. EGFP-N1 plasmid DNA (pDNA) (4.7 kb
containing SV-40 promoter) was purchased from Promega (Madison,
WI, USA). The plasmids were propagated in Escherichia coli (E. coli)
and pDNA was isolated with QIAGEN midiprep pDNA isolation Kit ac-
cording to the manufacturer's instructions. Its purity was confirmed
by spectrophotometry (Azgo/Azs0) and its concentration was deter-
mined from its absorbance at 260 nm. 3-[4,5-Dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide (MTT), Dulbecco's modified eagle's
medium (DMEM), penicillin-streptomycin, trypsin and fetal bovine
serum (FBS) were purchased from HiMedia (India). DNase I and agarose
were obtained from Thermo- Scientific and Sisco Research Laboratories
Pvt. Ltd., India, respectively. All other reagents were analytical grade and
were used directly without further purification.

2.2. Synthesis of aminated GG (GG-NH>)

Prior to the functionalization of GG, it was purified according to our
previous report with slight modification [17]. 10 g of GG was dissolved
in 250 ml of distilled water at room temperature for 24 h. After centrifu-
gation, the clear supernatant solution of GG was precipitated down in
ethanol followed by the vacuum drying at 60 °C for overnight to obtain
purified GG. Amine group functionalized GG was synthesized according
to the previous report with little modification [25]. Briefly, 6 g of puri-
fied GG was dispersed in 160 ml of isopropanol and water mixture
(8:2 v/v ratios) placed in a 250 ml round bottom flask. The reaction
was carried out at 50 °C for 1 h with constant stirring after addition of
18 g of sodium hydroxide dissolved in water/isopropanol solution.
After activation of GG, 15 g of chloropropylamine dissolved in 10 ml
isopropanol was added drop wise to the reaction mixture over a period
of 30 min and the reaction was carried out for additional 4 h at 50 °C
with constant stirring. The reaction was quenched by the addition of ex-
cess cold ethanol and neutralized with glacial acetic acid. The final prod-
uct was obtained after washing with water and 80% ethanol followed by
drying in vacuum oven for overnight.

2.3. Synthesis of GG-g-LPEI (GNP) through naphthalic anhydride
coupling agent

The synthesis of GNP was two step processes. In the first step, guar
gum bromonaphthalimide (GG-Np-Br) was synthesized followed by
conjugation of LPEI with GG through naphthalic anhydride coupling
group in the second step, according to the previous report [26] with
minor changes. At first guar gum bromonaphthalimide (GG-Np-Br)
was synthesized by suspending 2 g of GG-NH; in 100 ml DMSO followed

by refluxing with 1 g of 4-bromo-1,8-naphthalic anhydride at 80 °C
under N, atmosphere for 3 h. After the reaction, the reaction mixture
was filtered in hot condition and washed with hot DMSO to remove
unreacted 4-bromonapthalic anhydride. Finally, the product was
washed successively with water, methanol and acetone and vacuum
dried at 55 °C to get GG-Np-Br.

In the final step, LPEI was grafted with GG-Np-Br by simple substitu-
tion reaction (S%) reaction. Briefly, 100 mg of GG-Np-Br was dispersed
in 50 ml aqueous solution of PEI at various concentrations (10%, 20%
and 40%) and refluxed at 80 °C under nitrogen atmosphere for 3 h.
After completion the reaction, the reaction temperature was cooled
down to room temperature and the light yellow coloured GNP was ob-
tained after filtering and washing with water/methanol mixture and ac-
etone followed by drying in vacuum oven at 50 °C overnight.

2.4. Degree of amination

The degree of amination GNPs (10%, 20% and 40%) was estimated
using 2,4,6-trinitrobenzene sulfonic acid (TNBS) assay. Briefly, 6 mg of
GG and GNPs were dissolved in 1 ml of 4% disodium hydrogen ortho-
phosphate separately followed by addition of 1 ml of 0.5% 2,4,6-
trinitrobenzene sulfonic acid (TNBS) and incubated for 2 h at 40 °C.
After the incubation period 3 ml of 6 M hydrochloric acid and again in-
cubated for 1.5 h at 60 °C. Absorbance was taken at 345 nm and the de-
gree of amination was calculated by the following equation

_ AbS(;NpS —AbSGG

Degree of amination (%) = Abs x 100%
GG

2.5. Characterization

The synthesis of the all intermediates and final compounds were
characterized by FTIR, 'H NMR and XRD. For FTIR spectroscopy, all
dried samples were uniformly mixed with dried potassium bromide at
1:10 weight ratio followed by using 10-ton hydraulic pressure for
5 min at room temperature to obtain KBr pallet. The pallets were
scanned within the frequency range of 4000-500 cm ™ for 42 consecu-
tive scans using ATR FTIR spectroscopy (Model-Alpha, Bruker,
Germany). 'THNMR spectra were determined on a Bruker NMR system
(Germany) at 400 MHz using DMSO-D6 or D,0 as solvent. Chemical
shifts were reported in ppm using tetramethylsilane (TMS) as an inter-
nal reference. XRD were performed by a wide angle X-ray diffractome-
ter (Panalytical X-Ray Diffractometer, model-X'pert Powder) with
CuKyradiation (N = 1.544) in the range of 5-50°(26) at 40 kV and
30 mA. Zeta potential, UV absorbance and fluorescence of GG, GG-
NH,, and GNP were measured by Zetasizer Nano ZS (Malvern Instru-
ment, UK), UV-vis spectrophotometer (OPTIZEN POP BIO, Mecasys)
and JASCO FP-8000 Spectrofluorometer, respectively.

2.6. Cell culture

Cervical cancer cell (HeLa cell) and triple negative breast cancer cell
(MDA-MB-231 cell) were purchased from National Centre for Cell Sci-
ences (NCCS), Pune, India and used for whole experimental work.
Cells were cultured in DMEM supplemented with 10% fetal bovine
serum (FBS), penicillin (100 [U/ml), streptomycin (100 pg/ml) and
amphotericin B (5 pg/ml) in a humidified atmosphere of 5% CO, at
37 °C until 70-80% confluence reached. The confluent cells were disso-
ciated with trypsin-EDTA solution (0.25% (w/v) trypsin, 0.53 mM EDTA)
and sub-cultured at 1:3 dilutions or used for required experiment.

2.7. MTT assay for cytocompatibility

Cell viability or cytotoxicity of GG and GNPs (GNP10%, GNP20% and
GNP 40%) at different concentrations of 10, 25, 50, 100, 200, 500 pg/ml
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were determined on both HeLa and MDA-MB-231 cells by MTT assay by
following previous protocol [8,15,26]. High molecular weight PEI
(25 kDa) and untreated cells were taken as a positive and negative con-
trol, respectively. 5 x 10% cells were seeded in each wells of 96 well
plates and incubated for 24 h in 5% CO, incubator at 37 °C (Cell Culture,
ESCO, Singapore). After that, media was discarded carefully and wash
with DPBS buffer followed by adding fresh media containing GG, GNPs
and PEI (25 kDa) at pre-determined concentrations. After 24 h of incu-
bation in CO, incubator, the media was discarded and 100 pl of diluted
MTT solution (5 mg/ml stock) in DMEM was added in each well and in-
cubated in CO, incubator for 4 h. After dissolving the Formosan crystals
formed in presence of live cells in DMSO, the corresponding absorbance
values were recorded at 570 nm by multi-well Elisa reader (ErbaLisa
Scan EM, Transasia, India). The experiment was carried out in triplicate
for each concentration. Cell viability (%) was calculated using the fol-
lowing equation:

Abs
Cell viability (%) = /ﬁ?’f’i x 100
ontro

where, AbSs7g (sampley and Abss7o (conerory are the corresponding absor-
bance value of sample and control, respectively at 570 nm.

2.8. Buffering capacity

The buffering capacity of GG, GG-NH,, GNP, LPEI (2 kDa) and PEI
(25 kDa) was measured by acid-base titration assay between pH 10.0
and 2.0 by following the previous report [15]. Briefly, all polymers
were dissolved separately in 20 ml of 150 mM sodium chloride solution
(pH 7.4). The polymer solution was first titrated by 0.1 M sodium hy-
droxide to bring the solution pH at 10.0; then 100 pl of 0.1 M HCI was
gradually added to the solution with constant stirring and the corre-
sponding pH value was recorded using digital pH meter (LMPH-10).
The titration was continued until the solution pH reached at 2.0.

2.9. Blood compatibility assay

Blood sample was kindly donated by healthy human adults
(25-31 years old) and was collected in a sterile blood collection tube
containing EDTA as anticoagulant agent. The whole blood was then cen-
trifuged at 2000 rpm at room temperature to collect the red blood cells
(RBCs). After discarding the supernatant, the RBCs were washed two
times with PBS solution and then diluted in PBS solution at 1:10 volume
ratio (RBC: PBS volume ratio). 200 pl of the diluted RBC suspension was
mixed with 800 pl of polymer solution at different concentrations (10,
50, 100, 200, 500 and 1000 pg/ml). After that, the solution mixtures
were incubated for 90 min at 37 °C followed by centrifugation for
10 min at 2000 rpm. Subsequently, 200 Ll of supernatant was collected
and transferred into a 96 wells plate and the corresponding absorbance
of the supernatant was recorded at a wavelength of 578 nm by ELISA
micro plate reader (Erba Lisa Scan EM, TRANSASIA, and India). Triton
X-100 and PBS were used as positive and negative control, respectively.
The present (%) of haemolysis was calculated using the following equa-
tion:

Abs—Ab,

A—bp—Abn x 100

%Hemolysis =

where, Abs, Ab, and Ab,, are the corresponding absorbance of sample,
positive control and negative control, respectively.

2.10. Preparation of polymer/pDNA complexes
Functionalized cationic GG (GNP)/pDNA complex was prepared

by self-assembled complex coacervation technique according to the
previous work [8,15,26-31]. In brief, GNPs (10%, 20% and 40% LPEI)

were dissolved separately in 5 mM acetate (acetic acid/sodium ace-
tate) buffer at pH 5.5 and stock solution was prepared at a concentra-
tion of 10 mg/ml after filtering by 0.45 pm syringe filter (Millipore).
On the other hand, pDNA stock solution was prepared at a concentra-
tion of 100 pg/ml in 25 mM of sodium sulphate solution. Polymer/
PDNA complexes (polyplex) were prepared at different weight ratios
0f0.1,0.5, 1, 5, 10, 15, 20, 25 and 30 (containing 0.5 ng of pDNA in
each weight ratio) by mixing of equal volume of pre-incubated poly-
mer and pDNA solutions at 55 °C for 10 min. Self-assembled
polyplexes were formed after vortexing (Vortexer, Heathrow Scien-
tific, USA) the polymer/pDNA solution mixture for 30 s followed by
incubation at room temperature for 30 min.

2.11. Agarose gel retardation assay

The formation of polyplex was confirmed by agarose gel electropho-
resis assay by following the previous study [8]. The polymer/pDNA com-
plexes were freshly prepared at different weight ratios of 0.1, 0.5, 1, 5,
10, 15, 20, 25 and 30 according to the above procedure prior to the gel
run. 0.8% (w/w) agarose gel was prepared in TAE buffer (40 mmol/l
Tris acetate, 1 mmol/l EDTA) containing ethidium bromide (10 pg/ml)
as a pDNA visualizer. After loading the polyplexes separately in individ-
ual lane using 6x gel loading dye (Himedia, India), the gel was run for
45 min at constant voltage of 100 V using gel electrophoresis system
(Scie-Plas, UK) equipped with Consort power supply (Model: EV265,
Scie-Plas, UK) and the corresponding gel images were captured by
BIOTOP gel doc system (Shanghai, China).

2.12. Characterization of polyplexes

The particle size and zeta potential of the polyplexes at different
weight ratios of 0.1, 0.5, 1, 5, 10, 15, 20, 25 and 30 were measured
by dynamic light scattering (DLS) equipped with zeta potential
analyser (Zetasizer Nano ZS, Malvern, UK) at 25 °C in triplicate.
Zeta potential measurements were performed in automatic mode
using a capillary zeta potential cell. The size and morphology of the
complex at the weight ratio of 30:1 were characterized using TEM
(JEM 1010, JEOL, Japan) after depositing 10 pl of polyplex suspension
carbon coated copper grid (300 mesh size) followed by drying at
room temperature under vacuum overnight. The polyplex size and
morphology were further observed by SEM (Hitachi, Japan, Model-
3400 N). For SEM, drop casted polyplex solution on cleaned glass
surface was fixed on an aluminium stub and coated with gold by
ion sputter coater (Hitachi, Japan, Model-E1010) for 7 min.

2.13. In vitro transfection

The transfection efficiency of GNP was carried out on HeLa and
MDA-MB-231 cell. For in vitro transfection, 1 x 10° cells suspended
in 400 pl complete DMEM medium in each well of 24-well plate con-
taining cover slip and incubated at 37 °C at humidified atmosphere
containing 5% CO, until the cells reached at~80% confluency. After
that, freshly prepared GNP (10, 20 and 40%)/pDNA complexes at dif-
ferent weight ratios of 10 and 30 containing 1.0 pg of enhanced
green fluorescence protein (eGFP-N1) pDNA in each weight ratio
were suspended in serum free DMEM medium and added to each
well after discarding the culturing complete medium followed by
washing with PBS thrice. After 4 h of transfection, the transfection
medium was replaced by complete media after washing with
DPBS thrice and further incubated for another 20 h at 37 °C under
humidified atmosphere containing 5% CO,. Thereafter, the cells
were fixed by 4% paraformaldehyde through incubation at 37 °C
for 20 min followed by permeabilization using 1% Triton X-100 so-
lution after washing with DPBS thrice. Finally, the cellular nucleus
was stained with DAPI and subsequently the cover slip containing
the cells was mounted on glass slide using glycerine followed by
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sealing with colourless nail-polish. The transfection efficiency was
monitored by observing the resulted green fluorescence through
translation followed by transcription of transfected eGFP-N1
PDNA by GNP using confocal laser scanning microscope (CLSM,
Olympus FV3000).

The transfection efficiency of GNPs (GNP10%, GNP20% and
GNP40%) was further quantified by fluorescence-activated cell
sorting (FACS) analysis. Prior to the FACS analysis, the transfection
was carried out as described above using GNPs/pDNA complexes
at different weight ratios of 10, 20 and 30 containing 1.0 pg of
eGFP-N1 pDNA in each weight ratio. After 24 h of post transfection,
the cells were trypsinized and suspended in 200 pul complete DMEM
medium after deactivation of trypsin by complete medium followed
by centrifugation. The GFP expression of the transfected cells was
quantified by FACS (Becton-Dickinson). Untreated cells and the
transfection by LF 2000 were used as negative and positive control,
respectively. All transfection studies were carried out in triplicate to
reproduce the result.

2.14. Statistical analysis

For reproducibility of experimental data, all the experiments were
performed in triplicate. The data was presented as the average value
+ standard deviation (SD) and two-way ANOVA was used for statistical
analysis and *, **, ***, **** were used for p values of “0.05, "0.01, “0.001,
0.0001, respectively.

3. Result and discussion
3.1. Synthesis and characterization of GG-g-LPEI (GNP)

Prior to the functionalization of GG, it was purified by re-
precipitation method. As GG contains only hydroxyl groups, it was
first converted to primary amine terminated GG (GG-NH,) by the re-
action of chloropropylamine with GG under basic condition through
simple substitution reaction of degree two i.e. Sy2 reaction. Low mo-
lecular weight PEI (2 kDa) was conjugated with GG-NH, through the
4-bromo-1,8-naphthalic anhydride coupling reagent through SN,
reaction as shown schematically in Fig. 1. The degree of amine conju-
gation was evaluated by TNBS assay which is known to determine
the primary amine groups in a structure [32] which was found to
be 56.56 4 1.09%, 50.48 + 2.34% and 42.86 + 1.27% for GNP 10%,
20% and 40%, respectively. It could be found very interesting that in-
creasing amount LPEI was not increased the degree of amination. The
work done by Fleming et al. (https://doi.org/10.1016/j.dyepig.2014.
05.006) could justify the result [33]. According to them in simple
SN reaction only in presence of temperature with excess amine re-
sulted poor conversion of starting material? Here as we increased
the amount of LPEI, the amination wasn't increase instead it was de-
creased with increased LPEL. However, the use of palladium catalyst
and mild temperature condition could invert the result according
to the Fleming et al. however; presence of even a residual amount
of catalyst like palladium in the developed material could be toxic
as well as not recommended for intended purpose.
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Fig. 1. Schematic representation for the synthesis of guar gum (GG) grafted low molecular polyethyleneimine (LPEI) through naphthalic anhydride coupling agent.
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The functionalization of GG was confirmed by FTIR spectropho-
tometry and the corresponding FTIR spectra are shown in Fig. 2a.
As shown in Fig. 2a, the spectrum of pure GG shows typical peaks
at 3386, 2928 and 1150 cm ™! corresponding to O—H, C—H and
C—O stretching vibrations. In addition to this, the peak at
1025 cm™ ! is due to the glycosidic linkage of pyranose ring of GG.
After reaction of GG with chloropropylamine, a new peak appeared
at 1647 cm~! which is related to the N—H bending of primary
amine (-NH;) group. Apart from this, the peak for O—H at
3386 cm~ ! became broader after the formation of GG-NH, which
may be due to the formation of hydrogen bonding with primary
amine group. Naphthalic anhydride shows the symmetric and
anti-symmetric C—O stretching peaks at 1777 and 1731 cm ™!, re-
spectively. After reaction of GG-NH, with naphthalic anhydride,
the stretching of C—0 and bending of N—H bond change to 1644
and 1551 cm™! respectively indicated the formation of imide
group in GG-NH,. The characteristics peak of GNP at 3266 was due
to overlapping of O—H stretching and N—H stretching as well as
primary, secondary and tertiary amine groups. The absorptions
peaks at 1632, 1558 and 1469 cm-! were assigned to the primary
amine end groups (N—H and C—N). The two characteristic peaks
of naphthalimide at 1777 and 1731 cm ™" were disappeared. From
the IR results it is concluded that PEI is grafted to GG-NH, through
naphthalimide moiety.

The FTIR data was further supported by 'H NMR spectra (Fig. 2b).
Fig. 2b illustrates the 'H NMR spectra of GG and GNP. The characteristic
peaks of pure GG appeared at 6 4.65 (s) and 6 3.5-3.9 (m) and 2.05-2.06
(d) were due to anomeric protons and sugar protons, respectively. After
conjugation of LPEI with GG through naphthalic anhydride coupling re-
agent, new peaks appeared at 8.39 and 7.98 ppm which are attributed to
the aromatic protons of naphthalic anhydride moiety. In addition to this,
the peaks due to PEI moiety appeared at 3.4-2.6 ppm which suggests
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Fig. 3. In vitro cytotoxicity of GG, GNP (10%), GNP (20%), GNP (40%) and PEI (25 kDa) at
different concentrations of 10, 25, 50, 100, 200 and 500 pg/ml on MDA-MB-231 (a) and
Hela (b) cells. Untreated cells were used as negative control.
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the conjugation of LPEI with GG through naphthalic anhydride coupling
reagent.

The wide angle XRD data also confirms the synthesis of GG-NH,,
GG-Np-Br and GNP and the corresponding spectra are shown in
Fig. 2c. It is observed that the GG exhibits crystalline peak obtained
at 260 = 20.4° which is almost similar to the previous reported data
by Pal et al. [34]. In GG-NH,, the crystallinity of GG significantly de-
creased due to the incorporation of propyl amine group in GG back-
bone. Similar type of spectra was also obtained in GG-Np-Br due to
the similar effect. But after conjugation of LPEI with GG-Np-Br, the
peak intensity further increased in GNP 10% with the peak position
at 26 = 23° with the d spacing of 3.869 nm. This phenomenon may
be attributed to the formation of crystallinity due to primary amine
groups offered by PEI These results confirm the synthesis of GG-
NH,, GG-Np-Br and GNP.

UV and fluorescence spectral data were analysed for GG, GG-Np-
Br and GNP and shown in Figs. S1 and S2, respectively. In case of UV
analysis GG didn't show any absorbance 320-520 nm. Whereas after
the incorporation of naphthalimide moiety a strong absorbance
could be found for GG-Np-Br at almost 350 nm, when low molecular
weight PEI was conjugated with GG-Np-Br to form GNPs, a slight de-
crease in the intensity of the absorption maxima at 350 nm could be
observed, similar result could be found in a previous study [26]
which in turn indicated the successful conjugation. Fluorescence
spectra was analysed because naphthalimide moiety known to
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have some fluorescence activity. From Fig. S2 it could be found that
GG have no fluorescence emission at 200-600 nm whereas conjuga-
tion naphthalimide moiety resulted the fluorescence emission at
400 nm and further conjugation with PEI results blue shift of the
emission maxima, which could be further justified by the transition
of electron between the donor PEI and the acceptor, naphthalimide
moiety, as reported previously [26].

3.2. Cytotoxicity of the polymers

Prior to the bio-application of any materials, it is necessary to check
the cytocompatibility of that materials. Here, the cytocompatibility of
GG and its derivatives (GNP 10%, GNP 20% and GNP 40%) was carried
out by MTT assay. The cytocompatibility of GG, GNP 10%, GNP 20% and
GNP 40% at different concentrations of 10, 25, 50, 100, 200 and
500 pg/ml was performed against HeLa and MDA-MB-231 cancer cell
lines and the corresponding cell viability data are shown in Fig. 3a and
b, respectively. From Fig. 3a and b, it is found that GG and its derivatives
(GNP 10%, GNP 20% and GNP 40%) showed negligible toxicity up to the
concentration of 200 pg/ml. Although, GNP 40% showed little higher
toxicity against MDA-MB-231 cell at all concentrations from 10 to
200 pg/ml compared to that of both GNP 10% and GNP 20% but the
cell viability of GNP 40% remained more than 70% at all concentrations
from 10 to 200 pg/ml. In contrast, PEI (25 kDa) considered as positive
control, showed severed toxicity compared to that of GG and GNPs in
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Fig. 4. Digital photograph of blood compatibility assay by GNP (10%) (a), GNP (20%) (b), GNP (40%) (c) and PEI (25 kDa) (d) at different concentrations of 10, 50, 100, 200, 500 and 1000 pg/
ml and 1x PBS (used as negative control), water & Triton-X-100 (used as positive control) (e). The represented bar graph of % haemolysis by GG, GNP (10%), GNP (20%), GNP (40%) and PEI
(25 kDa) at different concentrations of 10, 50, 100, 200, 500 and 1000 pg/ml.
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both MDA-MB-231 (Fig. 3a) and HeLa cell (Fig. 3b) at all concentrations
from 10 to 500 pg/ml. The high molecular weight PEI (25 kDa) possesses
more amine groups compared to all GNPs and causes the more destabi-
lization of cellular membrane and consequently resulted severe toxicity.

3.3. Blood compatibility of the polymers

The assessment of blood compatibility for any biomaterial is neces-
sary to confirm its applicability prior to the in vivo application as the
biomaterial will come in contact with the blood during clinical applica-
tion. Therefore, we checked the blood compatibility of GG and its deriv-
atives (GNP 10%, GNP 20% and GNP 40%) and the corresponding data are
shown in Fig. 4. Fig. 4a-e show the digital photographs of the
haemolysis of RBC in presence of GNP 10% (Fig. 4a), GNP 20% (Fig. 4b),
GNP 40% (Fig. 4c), PEI (25 kDa) (Fig. 4d) and positive (H,0) and nega-
tive control (PBS) (Fig. 4e). From Fig. 4e, it is observed that the complete
haemolysis of RBC occurred in presence of H,0 as well as Triton X-100,
used as positive control, whereas no haemolysis could be observed in
presence of PBS acted as negative control. Fig. 4f depicted the compara-
tive data of % haemolysis against positive control. It could be found that
GG showed 4-5% haemolysis even in higher concentration like 1000 pg/
ml, which was negligible compared to the positive control and PEI
[25 kDa]. Similar results could be found in case of GNPs till the concen-
tration of 200 pg/ml, where 7% haemolysis could be observed. However,
a certain elevation of % haemolysis could be found in case of GNP 10%
(55%) from the concentration 500 pg/ml. This result could be justified
by the fact that GNP10% have higher amination than the GNP20% and
GNP40% as described earlier section. The presence of higher amine
groups in GNP10% leads to destabilization of the cell membrane leads

to cell lysis, which was almost 80% at a concentration of 1000 pg/ml.
As, GNP10% started to show a significant haemolysis from the concen-
tration of 500 pg/ml, the further experiments were carried out at or
below the concentration of 200 pg/ml.

3.4. Agarose gel retardation assay

Gene complexation capability of the developed non-viral vector
could be analysed by agarose gel retardation assay [35], which was
depicted in Fig. 5. Fig. 5a showed the gene binding efficiency of GG,
which indicated that the gene complexation wasn't happened for it at
any weight ratios between 0.1 and 30.0 (polymer/pDNA) as negatively
charged pDNA was move towards the positive end of the gel showing
the pDNA bands because GG do not possess any cationic amine func-
tionalities in its structure which could electrostatically interact with
negatively charged pDNA and retard its move through the gel. It implies
the necessity of the cationic nature of a non-viral vector for gene com-
plexation and delivery. Thus we have conjugated low molecular weight
PEI with GG through naphthalimide moiety (GNPs) and examined their
DNA binding capability which has shown in Fig. 5b, c and d for GNP10%,
GNP20% and GNP40%, respectively. It could be found from the Fig. 5b
and c that polymer/pDNA complexation was started from the weight
ratio of 0.1 as very faint band of pDNA could be observed in the gel
which was absent from the weight ratio of 0.5, whereas, in case of
GNP40% (Fig. 5d) very prominent band for pDNA could be observed in
the weight ratio of 0.1 and the band intensity is very much similar
with only pDNA band in the gel. It again indicated the fact of greater
amination in case of GNP10% than GNP40% leads to better DNA com-
plexation at even lower weight ratios.

GNP 10%

Fig. 5. Agarose gel electrophoresis assay of GG (a), GNP (10%) (b), GNP (20%) (c) and GNP (40%) (d) at different weight ratios (polymer/pDNA weight ratio) of 0.1, 0.5, 1.0, 5.0, 10.0, 15.0,

20.0, 25.0 and 30.0. In each weight ratio, 0.5 pg pDNA was used.
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Fig. 6. Particle size and zeta potential of GNP (10%)/pDNA (a), GNP (20%)/pDNA (b) and GNP (40%)/pDNA (c) complexes at different polymer/pDNA weight ratios of 0.5, 1.0, 5.0, 10.0, 15.0,
20.0, 25.0 and 30.0. In each weight ratio, 1.0 ug pDNA was used. The SEM images of GNP (10%)/pDNA complex at the weight ratios of 10.0 (d) and 30.0 (e) and TEM images of GNP (10%)/
PDNA complex at the weight ratios of 10.0 (f) and 30.0 (g).
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3.5. Particle size and zeta potential of the polyplex

The particle size and net surface charge of the polymer-DNA com-
plex (polyplex) is a very important parameter as they are very related
to offer excellent transfection efficiency [36]. Positively charged
polyplex believed to be internalized by the negatively charged cell
membrane [37] on the other hand size of the polyplex also matters as
fifty to few hundred nanometers could reported be internalized suc-
cessfully [38]. Fig. 6a, b and c showed particle size of the polyplex at dif-
ferent weight ratios (0.5 to 30.0) for GNP10%, 20% and 40%, respectively.

Particle size and zeta wasn't measured for GG as they didn't show
any DNA binding capability. So, it could be found from Fig. 6a, b and ¢
that particle size increase slightly after the weight ratio of 1.0 and de-
crease with higher weight ratios which indicated the tight binding of
particles with the pDNA. It could be also found that in every cases zeta
potential were positive increased with higher weight ratios which indi-
cated the higher cellular absorption as discussed earlier. SEM images

DAPI

have shown spherical particles in case of GNP10% at a weight ratio of
10.0 and 30.0 in Fig. 6d and e, respectively, which could be further jus-
tified by the TEM images of the same showed in Fig. 6f and g, respec-
tively. From the TEM image it could be also found that the particle size
of the polyplex was decreased with increased weight ratio, as higher
amount of polymer possessed higher amount of cationic amine groups
which can tightly complexes with the negatively charged pDNA.

3.6. In vitro transfection

In vitro transfection studies of GNPs at a weight ratio of 10 and 30
were done against MDA-MB-231 and Hela cell line. Fig. 7 showed the
qualitative analysis of transfection efficiency of GNPs (weight ratio of
10) against MDA-MB-231. As in the Fig. 5 of DNA complexion assay it
was observed that almost all GNPs showed complete binding from the
weight ratio of 5.0, therefore we have selected higher ratios for this
transfection study. Fig. 7a, e, i and m showed the DAPI stained nucleus
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Fig. 7. The green fluorescence confocal images of in vitro transfection efficiency by GNP (10%)/pDNA complex (a-d), GNP (20%)/pDNA complex (e-h) and GNP (40%)/pDNA complex (i-1)
at the weight ratio of 10.0 against MDA-MB-231 cell and their corresponding bright field images. The represented confocal images of transfected cells by lipofectamine 2000/pDNA

complex and its corresponding bright field image (m-p).
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of MDA-MB-231 having almost equal intensity of the blue fluorescence
for GNP10%, 20%, 40% and LF2k, respectively. In vitro transfection study
with GFP is a very important experiment to display the efficacy of non-
viral vector system, because the cells will show the green fluorescence
only when the non-viral vector system could efficiently carry GFP
encoded pDNA to cells which after translation can produce the protein
having the green fluorescence (GFP). As we have found out in this ex-
periment GNP 10%, 20%, 40% and LF2k showed green fluorescence due
to the formation of GFP (Fig. 7b, f, j and n, respectively). However, it
could be found that formation of green fluorescence is higher in case
of GNP 10% compared to the GNP 20%, 40% and even than the standard
LF2k because higher amination in GP10% results higher cationic charge
which can form tight complex with the DNA at even lower polymer
concentration. When, the higher weight ratio like 30.0 was tried, the in-
crease in the fluorescence intensity of GFP could be observed for all
GNPs (Fig. S3), which is quite obvious as higher amount of a vector
(weight ratio of 30.0) can form tight complex. The bright field images
in Figs. 7 and S3 showed healthy MDA-MB-231 cells whereas the
merged images (Figs. 7 and S3) indicated the presence healthy nucleus
along with the expressed green fluorescence all through the cytoplasm.
It could also be noticed from Fig. 7 that standard LF2k showed very faint
signals for GFP compared to the GNPs indicated the efficiency of the
GNPs as superior non-viral vector.

The similar experiment was performed against HeLa cell line and
found to have almost negligible transfection indicated by very weak
GFP signals in Figs. S4 (weight ratio 10.0) and S5 (weight ratio 30.0)
which might be the results of insignificant uptake of GNPs by HelLa
cells, unlike MDA-MB-231. This phenomenon could be justified by the
Ye et al., according to them MDA-MB-231 overexpress mannose recep-
tor [4]. As the non-viral vector contains GG as the core moiety, which
possess quite similar chemical structure with mannose can easily be
taken up by MDA-MB-231. From this data it could be suggested that
our delivery system could specifically target the triple negative breast
cancer cell line like MDA-MB-231.

3.7. Transfection efficiency by FACS

To justify the qualitative study of in vitro transfection efficiency, we
carried out quantitative transfection efficiency study against MDA-MB-
231 using FACS (Fig. 8a). As HeLa showed very poor transfection in pre-
vious assay, only MDA-MB-231 was chosen to work with. For this ex-
periment the different weight ratios (10.0, 20.0 and 30.0) of GNPs
were considered and found to have higher transfection for all the
weight ratios of GNP10% among other GNPs as well as than the standard
LF2k shown in Fig. 8a and the findings were very similar like Fig. 7. It
could be depicted from Fig. 8a that GNP10% have shown transfection ef-
ficiency of 55% for the weight ratios of 10.0 and 30.0 and for weight ratio
of 20.0, an insignificant increase in transfection efficiency (65%) could
be found as our previous report [17] where we have found almost 40%
transfection in 30.0 weight ratio. Whereas, almost 40% or less than
40% transfection efficiency could be found for GNP 20% and 40% which
again indicated the higher transfection capability of GNP 10% among
the other GNPs. In the other hand when the transfection efficiency of
GNPs was compared against LF2k GNPs specifically GNP10% clearly
showed superior transfection capability than the standard.

3.8. Buffering capability

Superior transfection efficiency of a non-viral vector depends
upon different factors among which endosomal escape plays an im-
portant role [39]. Immediately after the cellular internalizations the
polyplex are used to taken up by the endosomes, in which the
polyplex faces lysozymes like degrading enzymes results poor to
no transfection efficiency [40]. The most commonly used non-viral
vector like PEI are known to escape that kind of endosomal degrada-
tions through ‘proton sponge effect’ which could be justified by its
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Fig. 8. The quantification of the transfection efficiency by FACS analysis (a) of GNP (10%)/
pDNA complex, GNP (20%)/pDNA complex, GNP (40%)/pDNA complex at the weight
ratios of 10.0, 20.0 and 30.0 against MDA-MB-231 cell. LF2K was used as a positive
control. The corresponding buffering capacity of GG, GNP (10%), GNP (20%), GNP (40%),
PEI (2 kDa) and PEI (25 kDa) (b). NaCl solution was used as negative control.

buffering capacity [41]. In this work, we have grafted PEI with GG
through naphthalimide moiety and determined the buffering capac-
ity of GG, GNPs, PEI (2 kDa) and PEI (25 kDa) shown in Fig. 8b. It
could be found from the Fig. 8b that PEI (25kDsa) have shown higher
buffering capacity as they contained more amines in its structure
than PEI (2 kDa). GG showed lowest buffering capacity as equal to
NaCl but when GG was conjugated with PEI the buffering capacity
increases. GNP10% have shown higher buffering capacity than
GNP20% and GNP40% could be justified by the degree of amination
as we described earlier. The higher deprotonated amine groups in
GNP10% can absorb protons inside the endosome through the influx
of C1~ ions and water which results in osmotic swelling leads to rup-
ture of endosomal membrane along with the release of the polyplex
to the cytoplasm [42]. Thus, GNP10% can readily escape the endo-
some and capable to deliver higher transfection efficiency than the
other GNPs, which could be justified by Fig. 8a.
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4. Conclusion

In the present study, we have successfully conjugated low molecular
weight PEI to the GG backbone through naphthalimide moiety via simple
substitution reaction for the preparation of GNPs. They found to have bio-
compatible against MDA-MB-231 and HelLa. They also displayed strong
interaction with pDNA at very low weight ratio. Among the other
GNPs, GNP10% has shown higher transfection efficiency even higher
from our non-viral vector having GG backbone developed by us previ-
ously. The superior transfection efficiency of GNP is due their high buffer-
ing capacity comparable with low molecular weight PEI alone, for that
they could easily escape the endosomal degradation and capable of de-
liver the gene of interest safely in to the cell cytoplasm. It was also
found that transfection efficiency was higher in MDA-MB 231 cell line
than Hela cell line which could be justified by the overexpression of
mannose receptors in MDA-MB-231 cells. So, from this study it could
be concluded that thus developed GNPs specifically GNP10% can act as
a safe and superior gene delivery vehicle for the targeted delivery to tri-
ple negative breast cancer.
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