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Gene therapy is a new kind of medicine, which uses genes as drugs in order to treat life threatening diseases. In the present work,
a nonviral vector, aminated 𝛽-cyclodextrin-modified-carboxylated magnetic cobalt/nanocellulose composite (ACDC-Co/NCC),
was synthesized for efficient transfection of genes into tumour cells. The synthesized ACDC-Co/NCC was characterized by means
of FTIR, XRD, SEM, and ESR techniques. DNA condensing ability of ACDC-Co/NCC was found to be increased with increase
in amount of ACDC-Co/NCC and 84.9% of DNA (1.0 𝜇g/mL) inclusion was observed with 6.0𝜇g/mL of ACDC-Co/NCC. The
cytotoxicity of ACDC-Co/NCC was observed to be minimal, even at higher concentration, with respect to the model transfecting
agent, poly(ethyleneimine) (PEI). 88.2% of the gene was transfected at high dose of DNA, as indicated by the highest luciferase
expression. These results indicated that ACDC-Co/NCCmight be a promising candidate for gene delivery with the characteristics
of good biocompatibility, potential biodegradability, minimal cytotoxicity, and relatively high gene transfection efficiency.

1. Introduction

Gene delivery, the incorporation of foreign DNA particles
into the host cells, is considered as one of the major objec-
tives in the development of nucleic acid therapeutics. Gene
therapy is a suitable substitute for conventional protein
therapy because the problems such as bioavailability, systemic
toxicity, manufacturing cost, and in vivo clearance rate can
be solved [1]. It offers the opportunities and potential to cure
both genetic and acquired diseases, such as hemophilia, cystic
fibrosis, and cancers [2]. Previous experiments have con-
firmed that, at the molecular level, cancer is due to defects in
the cellular DNA. The molecular pathogenesis of human
cancer is due to structural and/or functional alterations of
specific genes whose normal function is to control cell birth
and cell death [3].

Gene delivery can be mediated by viral and nonviral
methods. In viral methods, viruses deliver genetic materials
to the specific disease sites via their efficient inherent mech-
anism. Viral vectors can provide efficient transduction and

high gene expression.However, the use of viral vectors is quite
limited due to safety concerns such as production of immu-
nogenic reactions or mutagenesis of transfected cells [4].
These have necessitated the design of nonviral vectors as
potential alternative which produces less complexity.

Nonviral vectors are attractive gene delivery systems for
tumour gene therapy [5].These have low immunogenicity, are
easier to manufacture, have no signs of oncogenicity, and are
relatively cheap compared to viral vectors [6]. In the past
decade, a number of nonviral vectors such as cationic poly-
mers (polyplexes), dendrimers, chitosans, liposomes, or
cyclodextrins have been widely used in gene therapy [7–11].
Cyclodextrins (CDs) are cyclic 𝛼-(1,4-) linked oligosaccha-
rides of𝛼-D-glucopyranose andhave been extensively used as
carriers to improve the solubility, stability, and bioavailability
of chemical drugs, due to their low toxicity, lack of immuno-
genicity, biocompatibility, and ability to form inclusion com-
plexes with a variety of guest molecules in solution and solid
state [12]. 𝛽-CD is the most commonly used CD in phar-
maceutical formulations and has been extensively studied in
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human [6]. Many authors have used CD as an efficient carrier
for gene transfection [13].The formation of inclusion complex
is not fixed and the interaction is highly favorable as it reduces
the ring strain leading to amore stable lower energy state [14].

Using magnetic nanoparticles to enhance gene transfec-
tion, a recently developed technique termed magnetofection
has been shown to be a powerful technology in gene delivery
[15]. In this method, the complexes of nucleic acids and their
vectors are combined with magnetic nanoparticles, so they
can be drawn and concentrated to the target cells by applying
a magnetic field. In addition to facilitating targeted gene
delivery, the rapid sedimentation of the gene-particle com-
plex onto the target area significantly reduces both the time
and dose of the vector to achieve efficient transfection [16].
Magnetofection was found to be less cytotoxic than standard
transfection. While searching for suitable elements for the
magnetic core, transitionmetals like Fe, Ni, Co, andMn were
found to be good candidates since they show highmagnetiza-
tion valueswhich is important for high performanceMRI and
hyperthermia applications [17]. Magnetic hyperthermia, a
thermal treatment of cancerous cells based on the fact that the
cancer cells are more susceptible to high temperatures than
the healthy ones, is regarded as a complementary technique to
chemo- and radiotherapy as increasing the effects of these
therapies and the MNPs can be used as heating mediators. In
hyperthermia application, Co, being a hard magnetic mate-
rial, is doped to other ferrites (MFe

2
O
4
) in changing con-

centrations in order to increase the magnetic anisotropy
eventually to improve the heat transfer rate.

The coating of magnetic core materials prevents the
leaching of potentially toxic components into the body during
in vivo applications. Coating of magnetic nanoparticles with
natural polymers such as carbohydrates and proteins is
common [18, 19], amongwhich carbohydrates are particularly
popular owing to their biocompatibility. Moreover, function-
alization is possible by making use of the hydroxyl groups
on the carbohydrate skeletons [20]. Nanocellulose (NC) is an
attractive biotemplate material for the fabrication of nanos-
tructures.This NC has been used widely as stabilizing matrix
for the metal nanoparticles and the developed composites
have been used in various biomedical applications, such as
antimicrobial wound dressing [21, 22]. The inclusion of
metallic nanoparticles can be achieved in the NC matrix,
by the treatment of metallic salts with reducing agents (e.g.,
NaBH

4
) [23].

The airway and alveolar epithelium are the sites where
genetic disorders such as cystic fibrosis or inherited surfac-
tant protein B deficiency and lung cancer have major fatal
impacts. Hence, the respiratory system has been considered
as an attractive target for gene therapy intervention, in addi-
tion to its large surface area and accessibility [24, 25]. Several
authors have used magnetofection to transfect a number of
cell types including primary lung epithelial cells [26] and
blood vessel endothelial cells [27].

Given these premises, the aim of the present work was to
develop a novel nonviral gene vector, aminated 𝛽-cyclodex-
trin-modified-carboxylated magnetic cobalt/nanocellulose
composite (ACDC-Co/NCC), with improved transfection
efficiency to epithelial cells. Magnetofection may be effective

for targets close to the body’s surface (epithelial cells), as the
magnetic field strength falls off rapidly with distance [28]. 𝛽-
CD has the merit of a hydrophobic cavity which is easy to
assemble with genes. The grafting of CD molecules onto the
magnetic cobalt nanoparticles/nanocellulosematrixmay lead
to a molecular carrier that possess the cumulative effects of
inclusion, size specificity, and transport properties of CD and
the site specificity of Co nanoparticles to target cells by apply-
ing a magnetic field, commonly called “magnetofection.” Tri-
ethylenetetramine (TETA) has large number of positive sites
or secondary amine groups which will easily condense the
negatively charged genes to form polyplexes [29]. Moreover,
the positive charge of TETA is highly desirable for effective
cell transfection as cell membranes are negatively charged.
Effective gene delivery depends on its stability and ability to
transfect across the cell membrane and interferes with the
host DNA. So, the systematic investigations on the formation
of polymer/DNA complexes, gene transfection ability, and
cell viability were evaluated in alveolar epithelial cells (A549
cell line).

2. Experimental

2.1. Materials. Nanocellulose crystals were extracted from
the sawdust ofMangifera indica, collected from local sawmill,
Trivandrum.Cobalt chloride hexahydrate (𝑀

𝑊
: 129.84 g/mol)

is obtained from SD Fine-Chem Ltd. (Mumbai, India). The
plasmid pCMVLuc (VR-1216) encoding Luciferase (Clon-
tech, Palo, Alto, CA, USA) was used for carrying out the
transfection experiments. Luciferase activity assay kit and
protein assay kit were obtained from Promega (Madison,
USA) and Bio-Rad Labs (Hercules, USA), respectively. Ethid-
ium bromide (EtBr), 2,2,6,6-tetramethyl-1-(piperidinyloxy)
radical (TEMPO), TETA, triethylamine (TEA), and 𝛽-CD
(𝑀
𝑊
: 1135 g/mol) were obtained from Sigma-Aldrich, Mil-

waukee, WI, USA. Sodium borohydride (NaBH
4
), H
2
O
2
,

sulfuric acid, sodium hydroxide, NH
4
OH, NaClO, NaBr,

NaHCO
3
, p-toluenesulfonyl chloride, acetonitrile, 1-ethyl-

3-(3-dimethylaminopropyl) carbodiimide (EDC), and HCl
were purchased from E-Merck (Worli, Mumbai, India) and
used without further purification. Distilled water was used
throughout the study.

2.2. Preparation of ACDC-Co/NCC. The synthesis of ACDC-
Co/NCC involves the following steps, as demonstrated in
Figure 1.

2.2.1. Extraction ofNanocellulose fromSawdust. Thesynthesis
of nanocellulose was done following the procedure as already
reported in our previous literature [30]. Briefly, sawdust was
pretreated with 10%H

2
SO
4
solution (120∘C, 10min) and cen-

trifuged to remove rich pentosans solution. Delignification
was achieved by the subsequent treatment with 1% NaOH
(100∘C, 1 h). The obtained brown mass was bleached with 5%
H
2
O
2
(80∘C, 1 h) yielded white cellulose as the product [31].

About 5 g of the extracted cellulose was dispersed in 250mL
distilled water under magnetic stirring (20min). 140mL 98%
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Figure 1: Predicted mechanism for the synthesis of the gene carrier, ACDC-Co/NCC.

sulfuric acid was dropped to the homogenizedmixture, with-
out causing heating. After complete addition, themixture was
heated at 50∘C for 2 h. The hot mixture was diluted ten times
with ice cooled distilled water.The obtainedwhite colloid was
centrifuged, washed many times with water, and freeze-dried
[32].

2.2.2. Synthesis of Co/NCC. The nanocomposite of Co and
NC was prepared via chemical precipitation method. Diffu-
sion of Co2+ into the nanocellulose matrix was carried out
under intensive stirring of 1 g of NC in 20mL 1M NH

4
OH

and 2mL 0.1M of CoCl
2
⋅6H
2
O solution for 1 h at 25∘C and

pH value of 12. To the obtained suspension, we added 20mL



4 Journal of Applied Chemistry

solution of 0.30M NaBH
4
and stirred intensively for 1 h at

50∘C.

2.2.3. Preparation of Carboxylated Co/NCC (C-Co/NCC).
Nanocellulose was carboxylated according to the procedure
by Araki et al. [33], as follows. 5.0 g NC was suspended in
500mL distilled water, to which 0.5 g of TEMPO and 5.0 g of
NaBrwere added.We addedNaClO solution (2.0mL) and the
mixture was stirred for 4 h at room temperature with the pH
adjusted to 10-11 by 3N NaOH. The obtained carboxylated
magnetic nanocrystals were collected by the addition of∼30 g
of NaCl and 0.1 N HCl and finally dialyzed against deionized
water.

2.2.4. Preparation of Tosyl CD (TCD). Mono-6-deoxy-6-(p-
toluenesulfonyl)-CD (TCD) was synthesized [34] as dis-
cussed below. 𝛽-CD (20 g, 16.3mmol) was suspended in
150mL of water, and NaOH (2.16 g, 54.7mmol) in 7mL of
water was added dropwise for 6min.The suspension became
homogeneous and slightly yellow before the addition was
complete. p-Toluenesulfonyl chloride (3.36 g, 17.6mmol) in
10mL of acetonitrile was added dropwise over 8min, causing
immediate formation of a white precipitate. After 2 h of
stirring at room temperature, the precipitate was removed by
filtration and cooled overnight at 4∘C.

2.2.5. Preparation of Aminated CD (ACD). ACD was pre-
pared via the reaction of TCD with TETA [35]. Briefly, TETA
(0.8 g) and TCD (4.0 g) were dissolved in water (30mL)
containing TEA (20mL), and the stirred mixture was heated
to reflux under nitrogen atmosphere for 24 h. After evapora-
tion under reduced pressure, the residue was poured into the
vigorously stirred anhydrous ethanol (500mL), and the resul-
tant mixture was filtered, washed, and freeze-dried to obtain
a slight yellow precipitate.

2.2.6. Preparation of ACDC-Co/NCC. The gene carrier,
ACDC-Co/NCC, was prepared using the procedure, as fol-
lows [36]. About 0.085 g (0.40mmol) of the C-Co/NCC and
0.567 g (0.50mmol) of theACDwere stirred in 3mLwater for
1 h. 1mL of EDC solution (0.52mmol, 10%) was added to the
reactionmixture and was stirred for 48 h.The pH of the solu-
tion was adjusted to 2.0 by the addition of HCl and the solu-
tion was dialyzed against distilled water for 5 days. The
obtained product was freeze-dried.

2.3. Estimation of Carboxyl Groups. Boehm titration was
performed to determine the amount of free carboxyl (–
COOH) groups. Briefly, about 0.15 g of powdered C-Co/NCC
was shaken with 30mL NaHCO

3
for 20 h and filtered. An

aliquot of the filtratewasmixedwith excess of 0.05MHCl and
the CO

2
gas formed was boiled off and back titrated with

0.05MNaOH [37].The amount of carboxylic acid groupswas
estimated using the equation:

COOH (meq/g) =
(𝐶NaOH × 𝑉NaOH − 𝐶HCl × 𝑉HCl)

𝑊
, (1)

where 𝐶 is the concentration of HCl or NaOH (M),𝑊 is the
weight of the C-Co/NCC (g), and 𝑉 is the volume of HCl or
NaOH solution used (mL).

2.4. DNA Binding Studies. High DNA condensing ability is
an important factor for a successful polymeric gene delivery
system [38]. Here the inclusion of DNA in the hydrophobic
cavity of the CD in the ACDC-Co/NCC was carried out as
follows. The polymeric material, ACDC-Co/NCC, and DNA
plasmid solution (in PBS buffer) were mixed in equivalent
medium.The mixture was vortexed and then stayed at ambi-
ent conditions for 30min before use. The DNA condensing
abilities of ACDC-Co/NCC were measured using ethidium
bromide (EtBr) assay. Briefly, EtBr (153𝜇L of a 0.01% solution)
was added to 96 𝜇g of DNA and diluted to 6mL. Desired
concentrations of ACDC-Co/NCCwere added to eachwell of
a 96-wellmicroplate, respectively, and 50 𝜇L of theDNA-EtBr
solution was added to obtain a final volume of 100 𝜇L. After
incubation for 5min, the complexes were treated with 100 𝜇L
of distilled water. The fluorescence was measured using
HITACHI F-7000 fluorescence spectrophotometer. The 𝜆ex
and 𝜆em were set at 526 nm and 592 nm, respectively, as they
are characteristic of DNA. Decrease in fluorescence intensity
would result in higher inclusion % due to the unavailability
of DNA to ethidium bromide.The inclusion % of DNA in the
cyclodextrins was calculated using the formula:

inclusion %

= [1 −
Concentration ofDNAmeasured by fluoresence

Practical concentration ofDNA
]

× 100.

(2)

2.5. MTT Cytotoxicity Assay. The cytotoxicity or cell viability
was evaluated by MTT assay using A549 cell (adenocar-
cinomic human alveolar basal epithelial cell line). Briefly,
A549 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% foetal bovine
serum and 100 units/mL of penicillin/streptomycin at 37∘C
in a humidified atmosphere (5%CO

2
/95%O

2
).The cells were

seeded into each well of a 96-well plate (104 cells/well). After
24 h, the ACDC-Co/NCC complexes were prepared in cul-
ture medium and the media in the wells were replaced with
the 200𝜇L culture medium-sample mixture (equal to 1 𝜇g
DNA).The plates were placed in an incubator and allowed to
attach overnight. After incubation, culturemediumand 20𝜇L
of MTT (3-(4,5-dimethylthiazol-2)-2,5-diphenyltetrazolium
bromide) solution were used to replace the mixture in each
well and incubated for further 4 h in 5% CO

2
at 37∘C.

Then the culture medium and MTT were removed. The
developed purple colored formazan crystals were dissolved in
DMSO and analyzed bymeasuring absorbance at 570 nm in a
colorimeter. The quantity of formazan crystals is directly
proportional to the number of live cells. Cells incubated with
pure media without treatment were considered as controls
and the cell viability values were set as 100%. For comparing
the cell viability, the widely used transfecting agents such
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as PEI and its complex with DNA were considered, after
following the cytotoxicity assay procedure. The cell viability
(%) was calculated according to the following equation:

Cell viability (%) =
𝐴Sample − 𝐴Blank

𝐴Control − 𝐴Blank
, (3)

where𝐴Sample and𝐴Control represent absorption from the cells
treated with the polymer complexes and 𝐴Blank represented
absorption from the cells not treated with MTT.

2.6. In Vitro Gene Transfection and Gene Expression Experi-
ments. The DNA transfection efficiency of ACDC-Co/NCC
in vitrowas evaluated using A549 cell lines following the pro-
cedure, reported earlier. Briefly, cellswere separately seeded at
a density of 104 cells/well in a 96-well plate in 500mLDMEM
medium containing 10% foetal bovine serum (FBS) and incu-
bated for 18 h before transfection. The medium was replaced
with 400mL fresh serum-free DMEM containing complexes
with 1mg DNA. After incubation for 4 h at 37∘C, the
transfectionmediumwas replacedwith fresh growthmedium
and then the cells were incubated for an additional 48 h.

Luciferase activity was measured according to standard
protocols of luciferase assay system. The total protein was
measured according to a BCA protein assay kit (Pierce) and
transfection efficiency was reported in terms of luciferase
activity.

3. Results and Discussion

3.1. Gene Carrier-Preparation and Properties. The prepara-
tion of the gene carrier involves six steps, as described in the
Experimental section. At first, cellulose was extracted from
the value added product, sawdust, by acid-alkali treatment
followed by bleaching with H

2
O
2
. Sawdust basically contains

cellulose, lignin, and polyoses.The treatment of sawdust with
H
2
SO
4
(10%) and NaOH (1%) removed the polyoses and

lignin, respectively.The obtained brownmass when bleached
with 5%H

2
O
2
yielded awhite cellulose powder.This cellulose

powder wasmade into nanocrystals via acid hydrolysis which
improves its crystallinity and hydrophilicity and it looks like
a white pasty material. Since NC occupies a large number of
hydroxyl groups, its swelling capacity would be high, and this
property can be exploited for the production of biocompati-
ble materials.

TheCo/NCCprepared via chemical precipitationmethod
appears like a flesh colored precipitate, where Co2+ ions get
encapsulated in the NCmatrix.The surface coating ensures a
double-sided isolation both preventing the release of toxic
cobalt ions frommagnetic core into the biological media and
shielding the magnetic core from oxidization and corrosion.
The surface coating molecules such as antibodies, peptides,
and polysaccharides permit specific recognition of cell types
and target the nanoparticles to a specific tissue or cell type by
binding to a cell surface receptor. Even though Co is a highly
toxic metal when compared to the commonly used Fe, it is
reported that it can be successfully utilized for in vivo applica-
tions after proper encapsulation. During in vivo applications
once the magnetic nanoparticles (MNPs) are injected into

the body, they are recognized by the body’s major defence
system, which eliminates any foreign substance from blood
stream. However, the specific surface coatings elongate the
MNPs circulation time in blood andmaximize the possibility
to reach target tissues [17].

The Co/NCC was carboxylated using TEMPO where the
primary hydroxyl groups in the nanocellulosewere converted
to carboxyl groups. The amount of carboxyl groups in the C-
Co/NCC was estimated to be 2.23meq g−1. The gene carrier,
ACDC-Co/NCC, was prepared by the amidification reaction
betweenC-Co/NCC and aminated cyclodextrin (ACD) using
EDC. EDC forms an unstable intermediate complex with car-
boxylic groups, which is susceptible to amide bond formation
if it reactswith a primary amine.Theyield ofACDC-Co/NCC
was found to be 68.6%.The long chain in theACDC-Co/NCC
arises fromTETA, increases the flexibility to capture theDNA
molecules, and helps in their condensation owing to large
amount of amino groups in the chain.

3.2. Characterization Studies

3.2.1. FTIR Spectra. Figure 2 presents the FTIR spectra of the
cellulose, NC, Co/NCC, C-Co/NCC, and ACDC-Co/NCC.
The IR spectra of cellulose show the characteristic broad
peak related to hydrogen bondedO–H stretching vibration at
3441 cm−1 and the peak at 2922 and 1033 cm−1 could be
attributed to theC–H stretching andC–Hbending of theCH

2

group. In 1636 and 668 cm−1, there are signals corresponding
to the C=O stretching of hemicelluloses and 𝛽-glycosidic
linkage in cellulose, respectively. The band at 897 cm−1 is
characteristic of glycosidic ring in cellulose structure. NC
shows all the characteristic peaks of cellulose and the position
may somehow change due to the breaking of intermolecular
hydrogen bonding between the cellulose chains. The absorp-
tion band at 607 cm−1 in Co/NCC is associated with the
metal–O stretching vibration which confirms the presence of
Co nanoparticles. The C-Co/NCC shows a new sharp
adsorption peak at 1729 cm−1, a characteristic of an ester
carbonyl group. The absorption at 1391 cm−1 in ACDC-
Co/NCC is attributed to the in-plane bending vibrations
of hydroxy groups, which may arise from large number of
cyclodextrin molecules. Meanwhile, the asymmetrical and
symmetrical stretchings ofmethylene (–CH

2
–) appear at 2919

and 2853 cm−1, and the in-plane bending of CH
2
is located at

about 1462 cm−1. In addition, the new band at 1056 cm−1 is
responsible for the stretching vibration of C–O. The pres-
ence of peaks at the vibration frequencies, 1646 cm−1 (C=O
stretch), 1554 cm−1 (amide linkage), and 1407 cm−1 (primary
amides), also confirms the functionalization onto ACDC-
Co/NCC.

3.2.2. XRD Analysis. The XRD patterns of cellulose, NC,
Co/NCC, and ACDC-Co/NCC are shown in Figure 3. In the
XRD pattern of cellulose, the diffraction maxima at 2𝜃 =
5.8, 22.1, and 34.2∘ can be attributed to the partial crystalline
nature of cellulose-like natural polymers [39]. The character-
istic peaks of NC are the same as that of cellulose; however,
its broadness increased to a small extent which indicates
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Figure 2: FTIR spectra of (A) Cellulose, (B) NC, (C) Co/NCC, (D)
C-Co/NCC, and (E) ACDC-Co/NCC.

the reduced particle size. The sharper diffraction peaks are
indication of a high degree of crystallinity in the structure,
which arises due to the partial removal of the amorphous
regions during the acid hydrolysis treatment of cellulose
[40]. The percentage crystallinity of cellulose and NC was
compared using the equation [41]:

Crystallinity (%) =
(𝐼
𝑐
− 𝐼
𝑎
)

𝐼
𝑐

× 100, (4)

where 𝐼
𝑐
and 𝐼
𝑎
are the intensity of the crystalline and amor-

phous peaks, respectively. The percentage crystallinity of
cellulose andNC, using this equation, was 67.05% and 81.74%,
respectively. The high percentage crystallinity of NC as com-
pared to cellulose may be due to the endoglucanase mediated
hydrolysis during their preparation.

The average crystallite size of NC andCo/NCC calculated
by fitting Lorentzian and using Debye-Scherrer formula [42]
was 21.6 and 19.2 nm, respectively. The shifting of character-
istic peaks of cellulose in Co/NCC suggests the presence of
dopant in the matrix. The increased amorphous nature and
disappearance of characteristic peaks in diffraction pattern
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Figure 3: XRD patterns of (A) Cellulose, (B) NC, (C) Co/NCC, and
(D) ACDC-Co/NCC.

of ACDC-Co/NCC indicate the modification of the surface
of Co/NCC.

3.2.3. SEM Analysis. Figure 4 shows the surface morphology
of (a) cellulose, (b) NC, (c) Co/NCC, and (d) ACDC-
Co/NCC. As seen in Figure 4(a), cellulose has smooth,
fibrous, and layered structure, while NC (Figure 4(b)) pos-
sesses spindle structure. NC is hydrophilic and behaves like a
gel structure. This hydrophilicity of NC may increase the
swelling ability and diffusion of solute molecules from
aqueous phase. However, Co/NCC shows distinct small gel
structures, and these composites are suitable for magneto-
fection. Also, Co/NCC is irregular, uneven, and rough. The
increase in size and swellable structure of ACDC-Co/NCC
clearly indicates proper grafting and linking of cyclodextrin
molecules to the polymeric chain. The surface of ACDC-
Co/NCC appears to consist of large number of soft folds.
Moreover, the folding will provide more surface area for the
intake of DNA.

3.2.4. ESR Spectra. ESR spectrum of ACDC-Co/NCC
(Figure 5) clearly indicates the inclusion of cobalt magnetic
nanoparticles within the polymer matrix. Since the polymer
cannot be magnetized under this condition, the peak
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Figure 4: SEM photographs of (a) cellulose, (b) NC, (c) Co/NCC, and (d) ACDC-Co/NCC.

detected in the spectrum may correspond to the magnetic
nanoparticles. The 𝑔-factor can be calculated from the ESR
spectrum as

𝑔 =
ℎ]
𝛽𝐻
𝑟

, (5)

where ℎ is the Planck constant (6.63 × 10−27 ergs), 𝛽 is the
universal constant (9.27× 10−21 erg/Gs), ] is the frequency (9.1
× 109Hz), and 𝐻

𝑟
is the resonance of magnetic field applied

(Gs). Here, the 𝑔-factor was found to be 2.01 for ACDC-
Co/NCCand themagnetic field (𝐻

𝑟
) 3230Gswas found suffi-

cient to excite all of the dipole moments present in 1.0 g of the
ACDC-Co/NCC.The𝐻

𝑟
value was changed from 1000Gs to

20,000 kGs for various applications [43], which implies that
the present gene carrier needs lessmagnetic intensity to target
the desired cells using a conventional permanent magnet.

3.3. DNA Inclusion Studies. The inclusion of DNA to the
pocket of 𝛽-CD was found to be increased from 19.7 to 84.9%
with increase in the concentration of ACDC-Co/NCC from
1.0 to 6.0 𝜇g/well (Figure 6).This is due to the large availability

of cyclodextrins which can form inclusion complexes with
DNA. In addition to this, the TETA can condense the DNA
to form complexes through electrostatic interaction between
its protonated amine groups and the negatively charged phos-
phodiester groups of the DNA. However, the formu-
lations loaded with higher amount of ACDC-Co/NCC
(>6.0 𝜇g/well) exhibited only negligible % of inclusion.

3.4. The Gene Transfection. The in vitro gene delivery effi-
ciency of the complexes was first evaluated using luciferase at
various DNA concentrations. The gene transfection studies
(Figure 7) results indicated that the ACDC-Co/NCC exhib-
ited significant transfection performance across the A549 cell
line. 88.2% of the gene was observed to be transfected at high
dosage of DNA (1000 ng DNA/well). More than 70% of the
DNA transfection efficiency was achieved even at low dosage
of DNA (50 ng DNA/well), indicating the outstanding gene
delivery ability of ACDC-Co/NCC. Compared to the leading
gene transfecting agent PEI, the ACDC-Co/NCC exhibited
significantly improved gene transfection efficiency in A549
cell line.Thus, for theA549 cell line, ACDC-Co/NCC showed
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Figure 5: ESR spectrum of ACDC-Co/NCC.
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Figure 6: Percentage inclusion of DNA with respect to the concen-
tration of ACDC-Co/NCC.
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Figure 7: In vitro luciferase expression in A549 cancer cells.
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Figure 8: Relative cell viability of PEI and ACDC-Co/NCC.

higher transfection efficiency and exhibited the highest gene
expression.

3.5. Cell Viability. The use of polymeric gene vectors for the
safe clinical gene therapy depends on their cytotoxicity. The
cytotoxicity of polymer/DNA complexes not only leads to
apoptotic cell death but also is associated with the attenu-
ation of gene expression. Figure 8 shows the in vitro MTT
assay results of cytotoxicity of the ACDC-Co/NCC and PEI
complexes in A549 cancer cells. Cell viability assay results
indicated that both the polymer complexes with DNA exhib-
ited minimal toxicity, with the cell cultures maintaining high
viability. Among the polymers, ACDC-Co/NCC demon-
strated a significantly lower toxicity than that of PEI. It was
observed that PEI has a faster increment in toxicity with
increase in concentration. Several authors observed this phe-
nomenon during the gene transfection studies [44, 45]. More
than 95% of DNA transfected cells showed normal viability
even in the presence of high dosage of reagent (1000 ng
DNA/well). Thus, our novel gene carrier, ACDC-Co/NCC,
not only reduced the toxicity but also increased the transgene
expression level as well, indicating that ACDC-Co/NCC
could be a promising agent for gene delivery.

4. Conclusions

The safe and efficient delivery of genes into cells is one of the
major objectives in the development of nucleic acid thera-
peutics. The aim of the present work was to develop a novel
gene carrier, aminated 𝛽-cyclodextrin-modified-carboxy-
lated magnetic cobalt/nanocellulose composites (ACDC-
Co/NCC), for the efficient transfection of genes into tumour
cells. The gene carrier was analyzed using FTIR, XRD, SEM,
and ESR spectral techniques. DNA condensing ability of
ACDC-Co/NCC was measured using ethidium bromide
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assay and was found to be increased with increase in ACDC-
Co/NCC. The cytotoxicity of ACDC-Co/NCC was observed
to be minimal, even at higher concentration, with respect
to the model transfecting agent, PEI. 88.2% of the gene was
transfected at high dose of DNA, as indicated by highest
luciferase expression. These results suggest that ACDC-
Co/NCC can be used as a reliable carrier for gene delivery.
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ration of nanofibrous polymer grafted magnetic poly(GMA-
MMA)-g-MAAbeads for immobilization of trypsin via adsorp-
tion,” Biochemical Engineering Journal, vol. 40, no. 2, pp. 262–
274, 2008.

[44] D. Fischer, T. Bieber, Y. Li, H.-P. Elsässer, and T. Kissel, “A novel
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