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a  b  s  t  r  a  c  t

Low  molecular  weight  N-maleated  chitosan-graft-PAMAM  (polyamidoamine)  copolymer  was  prepared
through N-maleated  chitosan  (NMC)  by  Michael  type  addition  reaction  to enhance  its  solubility  in  water
as  well  as  its  cationic  character  for enhancement  of DNA  complexation.  FTIR, 1H NMR,  XRD  and  GPC were
used  to  characterize  the graft  copolymers.  The  copolymer  showed  better  DNA  complexation  ability  at  low
N/P  ratio  than  that  of  chitosan  due  to  increased  surface  charge  density  by  the  incorporation  of PAMAM
eywords:
hitosan
AMAM dendrimer
raft copolymer
NA complex

molecule  on  to chitosan  backbone.  The  copolymer  can  effectively  protect  the  DNA  toward  anionic  sur-
factant. In vitro  release  study  showed  efficient  DNA  release  occurred  at physiological  pH  (pH  7.4).  In  vitro
cell cytotoxicity  test  indicated  toward  less  cytotoxicity  of  NMC-graft-PAMAM  copolymers  compared  to
that  of 25  kDa PEI.  Thus,  the synthesized  NMC-graft-PAMAM  copolymers  have  great  potential  of  finding
application  in  drug  and  gene  delivery.
n vitro cytotoxicity

. Introduction

Chitosan (CTS) is a naturally occurring linear binary cationic
olysaccharide consisting of d-glucosamine and N-acetyl-d-
lucosamine repeating units linked by a � (1→4)  glycosidic bond.
t is obtained by alkaline hydrolysis of chitin. Chitosan has gained
onsiderable attention in pharmaceutical and biomedical research
uch as wound dressing, skin grafting template, hemostatic agent,
emodialysis membrane, drug delivery and gene delivery vehicle
1–4] due to its favorable biological properties such as low tox-
city, good biocompatibility and biodegradability. Although, the
ackbone of chitosan consists of hydrophilic functional groups, it

s insoluble in water and in most of the organic solvents such as
imethyl sulfoxide, dimethyl formamide, alcohols and pyridine.
he insolubility of chitosan in aqueous and organic solvents is a
esult of its crystalline structure due to extensive intramolecu-
ar and intermolecular hydrogen bonding between the chains and
heets [5].  The literature reported pKa value of chitosan is 6.5 [6].
herefore, it is only soluble in acidic aqueous solutions such as
ormic, acetic, pyruvic, 10% citric and lactic acids where the pH < 6.5
ecause, the amine groups of chitosan is protonated. Although, chi-
osan dissolves in aqueous medium at pHs less than or equal to

.5, acidic solutions may  not be desirable in many of the applica-
ions of chitosan such as cosmetics, food and biomedicines. Hence,
hemical modifications of chitosan become necessary to improve

∗ Corresponding author. Tel.: +91 2350 1397.
E-mail address: ppk922@yahoo.com (P.P. Kundu).

141-8130/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.ijbiomac.2012.06.038
© 2012 Elsevier B.V. All rights reserved.

its water solubility. Many researchers already prepared water sol-
uble chitosan derivatives via quaternization of the amino groups
of chitosan, acylation, via introduction of PEG and carboxymethyl
group in chitosan [7–11]. There are many chemical modifications
to improve the physicochemical and biochemical properties of chi-
tosan [12]. Among them, graft copolymerization technique has
extensively been used for modification of chitosan with synthetic
polymers to get novel materials [13].

On the other hand, dendrimers are relatively a new class of
synthetic polymers with highly branched and nanospherical well-
defined architectures, precise molecular weight and multivalent
functionalization sites [14–17]. Among the dendrimers, cationic
poly(amidoamine) (PAMAM) dendrimer have recently been used
as effective macromolecules in biomedical applications (i.e., the
delivery of active pharmaceuticals, imaging agents or gene deliv-
ery) [18–20].  PAMAM dendrimers are uniform in size with a high
density of primary amino groups at the surface and are highly sol-
uble and stable in aqueous solution. It is reported that PAMAM
dendrimers are nonimmunogenic and can mediate the enhanced
delivery of diverse nucleic acids [21,22].

It is well known that chitosan is a nontoxic biopolymer and it has
unique glucosamine repeating units in its polysaccharide backbone.
Due to the presence of primary amine group in its backbone, chi-
tosan in acidic solution is cationic, which helps it to encapsulate and
deliver the genetic materials due to electrostatic interaction. On the

other hand, PAMAM dendrimers are hydrophilic macromolecules
with a high density of primary amine groups. But, the dendrimers
have severe toxicity [23]. Therefore, the chemical combination of
chitosan with PAMAM dendrimers may  provide novel biomaterial

dx.doi.org/10.1016/j.ijbiomac.2012.06.038
http://www.sciencedirect.com/science/journal/01418130
http://www.elsevier.com/locate/ijbiomac
mailto:ppk922@yahoo.com
dx.doi.org/10.1016/j.ijbiomac.2012.06.038
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ith improved water solubility, higher charge density and lower
oxicity. Sashiwa et al. [24,25] prepared chitosan-graft-PAMAM
opolymers through tetraethylene glycol spacer by reductive N-
lkylation, but till date, no report is available about N-maleated
hitosan-graft-PAMAM copolymer.

In this work, Michael type addition reaction was used to pre-
are N-maleated chitosan-graft-PAMAM copolymer to improve
ater solubility, low toxicity and DNA complexation ability. For

his purpose, we  firstly prepared low molecular weight chitosan by
xidation process. Thereafter, full generation PAMAM dendrimers
G1–G3) were grafted onto chitosan through N-maleated chitosan
y Michael type addition reaction. In comparison to the graft
opolymer of Sashiwa et al. [24,25], the graft copolymer reported in
his paper is unique with respect to mode of preparation and prop-
rties. All the related properties such as its solubility, complexation
ith DNA, in vitro cytotoxicity and in vitro DNA release study were

nvestigated in details in this paper.

. Materials and methods

Chitosan [MW  222 kDa and degree of deacetylation (DDA) 84%]
as purchased from Acros Organics, USA. Methylacrylate (MA),

thylenediamine (EDA), methanol and sodium nitrite (NaNO2)
ere obtained from Merck, India. Dulbecco’s modified Eagle’s
edium (DMEM), penicillin-streptomycin, trypsin, fetal bovine

erum (FBS) were purchased from Himedia Laboratories Pvt. Ltd.,
ndia. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

ide (MTT) and agarose were obtained from Sisco Research
aboratories Pvt. Ltd., India. pGL3 control vector (5.25 kb) con-
aining SV-40 promoter, resulting in strong expression of luc+,
as purchased from Promega (Madison, WI,  USA). The plasmids
ere propagated in Escherichia coli (E. coli) and the plasmid DNA

pDNA) was isolated with QIAGEN Midiprep pDNA isolation Kit
USA) according to the manufacturer’s instructions. Its purity was
onfirmed by spectrophotometry (A260/A280) and its concentration
as determined from the absorbance at 260 nm. Vero cell line was

indly donated by Dr. Gopal Chakraborty, Department of Biotech-
ology, University of Calcutta. All other reagents were analytical
rade and were used directly without further modification.

.1. Preparation of low molecular weight chitosan

The low molecular weight chitosan was prepared by oxidative
egradation with NaNO2 at room temperature according to the
revious report [26]. Briefly, 1% (w/w) chitosan was dissolved in
% acetic acid solution under magnetic stirring. When chitosan
as completely dissolved, the appropriate amount of NaNO2 in 1%

cetic acid was added drop wise over a half an hour period with vig-
rous stirring and the reaction was performed at room temperature
or another 3 h. The reaction mixture was subsequently neutralized
ith 1 N NaOH to pH 7.4 to complete precipitate of chitosan. The
recipitate was recovered by centrifugation, washed several times
ith deionized water and lyophilized for three days.

.2. Synthesis of PAMAM dendrimers

PAMAM dendrimers were prepared following the previously
eported procedure [27]. Briefly, a freshly distilled EDA solution
0.083 mol) in 20 mL  methanol was added drop wise to a stirred

ethylacrylate (MA) solution (0.407 mol) in 20 mL  methanol at 0 ◦C
nder nitrogen atmosphere over a period of 2 h. The final mix-
ure was stirred for 30 min  at 0 ◦C and then allowed to warm to

oom temperature and stirred for a further 24 h. After that, the
olvent was removed under reduced pressure at 40 ◦C using a
otary evaporator and the resulting colorless oil dried under vac-
um (10−1 mm Hg, 50 ◦C) overnight to give half generation (0.5 G)
logical Macromolecules 51 (2012) 859– 867

PAMAM dendrimer (30 g, 89.5%). 1H NMR  (CDCl3) ıH: 2.34 ppm (8H,
t, CH̄2CO2CH3), 2.42 ppm (4H, s, CH̄2N), 2.66 ppm (8H, t, NCH̄2),
3.64 ppm (12H, s, CO2CH̄3).

A solution of G0.5 PAMAM dendrimer precursor (10 g,
0.025 mol) in 20 mL  methanol was carefully added to a vigorously
stirred solution of EDA (1.248 mol) in 100 mL methanol at 0 ◦C
under nitrogen atmosphere over a period of 2 h. After complete
addition, the mixture was stirred for 96 h at room temperature.
The solvent was  then removed under reduced pressure at 40 ◦C
using a rotary evaporator and gave the colorless oil of tetra-amine
terminated G1 PAMAM dendrimer (11.2 g, 86.8%). 1H NMR  (CDCl3)
ıH: 2.3 ppm (8H, p, CH̄2NH2) 2.47 ppm (8H, t, NH̄2), 2.57 ppm (4H, s,
CH̄2N), 2.61 ppm (8H, t, CH̄2CONH), 2.69 ppm (8H, t, CH̄2CH2CONH),
3.29 ppm (8H, bq, CONHCH̄2), 7.85 ppm (4H, bt, CONH̄).

The next generation PAMAM dendrimers (G1.5, G2, G2.5 and G3)
were prepared by repeating the above procedures. Selected data
for G1.5 PAMAM: Yield: 89.3%; IR �max/cm−1: 1731 (C O of ester
group), 1638 (C O of CONH group) 3280 (N H); 1H NMR  (CDCl3)
ıH: 2.35 ppm (8H, t, CH̄2CONH), 2.43 ppm (16H, t, CH̄2CO2CH3),
2.57 ppm (16H, t, CH̄2CH2COCH3), 2.61–2.31 ppm (20H, m, other
CH̄2), 3.71 ppm (24H, s, CO2CH̄3), 7.34 ppm (4H, bt, CONH̄).

Selected data for G2 PAMAM: Yield: 87.4%; IR �max/cm−1:
1637 (C O of CONH group), 1546 (N H of NH2); 1H NMR
(D2O) ıH: 2.27 ppm (16H, bp, CH̄2NH2), 2.48 ppm (16H, t, NH̄2),
2.63–2.49 ppm (52H, m,  other CH̄2), 2.68 ppm (8H, t, CH̄2N),
3.28–3.11 ppm (24H, bq NCH̄2), 7.9 ppm (12H, bt, CONH̄).

Selected data for G3 PAMAM: Yield: 84.4%; IR �max/cm−1:
1640 (C O of CONH group) 1546 (N H of NH2); 1H NMR
(D2O) ıH: 2.28 ppm (32H, bp, CH̄2NH2), 2.46 ppm (32H, t, NH̄2),
3.01–2.89 ppm (24H, bm,  CH̄2N), 2.83–2.59 ppm (116H, bm,  other
CH̄2), 3.5–3.21 ppm (56H, bm,  NHCH̄2), 7.95 ppm (28H, bm,  CONH̄).

2.3. Preparation of N-maleated chitosan (NMC)

NMC was  prepared according to the previous report [28]. At
first, chitosan was purified by dissolving 1 g of chitosan in 50 mL
of 1% acetic acid solution, precipitated with 1 M NaOH solution
and the precipitate was  collected by filtration and then washed
with water to pH 7. The purified chitosan obtained from the above
was dispersed in 75 mL  of DMSO with constant stirring. Then, 2 g
maleic anhydride in DMSO solution was  added into above solu-
tion. The mixture was  reacted at 60 ◦C for 8 h. The reaction product
was cooled to room temperature and subsequently precipitated in
250 mL  of acetone, filtered, washed with acetone and diethyl ether
and then lyophilized for three days to get N-maleated chitosan.

2.4. Preparation of NMC-graft-PAMAM copolymer

To graft PAMAM with NMC, 0.2 g NMC  was dissolved in 20 mL of
0.25% sodium hydroxide solution. The aqueous solution of PAMAM
dendrimers (3 g) of different generations (full generations, G1–G3)
was then added into the above solution. The mixture was  stirred
and the reaction was carried out at room temperature for 4 days.
Then, hydrochloric acid was added in the mixture with stirring until
the pH value reaches 7.0. The product was  then dialyzed (molecular
weight cut off, MWCO: 3500 Da) against distilled water for 3 days
and then lyophilized for 3 days.

2.5. Characterization of NMC-graft-PAMAM copolymer

The molecular weight of the depolymerized chitosan and graft
copolymers were measured by gel permeation chromatography

(GPC) equipped with a Waters PC2 separation module and Waters
2414 refractive index detector. Waters empower software was used
to calculate the molecular weight based on a universal calibra-
tion curve generated by PEG standards (Sigma–Aldrich) of narrow
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olecular weight distribution. 0.1 M acetic acid/sodium acetate
pH 5.5) buffer solution was used as elute at flow rate of 0.3 mL/min
or chitosan and depolymerized chitosan. 0.1 M acetic acid/sodium
cetate (pH 8.0) buffer solution and 0.1 M sodium chloride solution
ere used as elute at flow rate of 0.3 mL/min for NMC  and NMC-

raft-PAMAM copolymer, respectively. The column temperature
as maintained at 35 ◦C.

Fourier transform infrared (FTIR) analysis was  carried out with
TR FTIR (model-Alpha, Bruker, Germany) spectrometer scanning

rom 4000 to 500 cm−1 at room temperature. Chitosan (CTS), NMC
nd NMC-graft-PAMAM copolymer were mixed separately with
Br and pressed into pallets for measurements and the analyzed
ith KBr attachment. Liquid PAMAM dendrimers were analyzed
ith ATR (attenuated total reflection) attachment.

The 1H nuclear magnetic resonance (1H NMR) spectra were
etermined on Bruker AV 3000 Supercon NMR  system (Germany)
t 300 MHz  using D2O and D2O/DCl as solvent. Chemical shifts (ı)
ere reported in ppm using tetramethylsilane (TMS) as an internal

eference.
X-ray diffraction spectrometry of chitosan, NMC  and the graft

opolymers in the powder form were performed by a wide angle
-ray scattering diffractometer (Panalytical X-Ray Diffractometer,
odel – X’pert Powder) with Cu K� radiation (� = 1.5444) in the

ange 5–35◦ (2�) at 40 kV and 30 mA.
The solubility test of CTS, NMC  and NMC-graft-PAMAM copoly-

ers were carried out in neutral water, 0.1 M HCl solution and 0.1 M
aOH solution at room temperature.

.6. Polyplex formation of NMC-graft-PAMAM copolymer and
DNA

Polymer/DNA complexes were prepared by a complex coacerva-
ion method. Chitosan (CTS) was dissolved in 1% acetic acid solution
2 mg/mL) and NMC-graft-PAMAM copolymer was dissolved in dis-
illed water with a concentration of 2 mg/mL  and the solution was
ltered by a Millipore 0.45 �m filter paper. pDNA was  dissolved
100 �g/mL) in 25 mM of sodium sulfate solution. The polymer
olutions were diluted with acetic acid/sodium acetate buffer (pH
.5) to get the desired concentration for polyplex formation. Both
he polymer and DNA solutions were preheated separately at
0–55 ◦C for 10 min. Then, polyplexes at various charge ratios
amino group to phosphate group ratio, N/P ratio) were prepared
y immediately mixing of equal volume of polymer and pDNA solu-
ion and subsequently vortexing for 15–30 s with cyclomixer (REMI,
ndia). After that, the resulting mixtures were incubated at room
emperature for 30 min  for complete formation of polyplexes. The
olyplex formation was  confirmed by agarose gel electrophoresis in
.7% agarose gel at 100 V for 45 min. The picture of the gel was  sub-
equently captured by a BIOTOP gel doc system (Shanghai, China).
he formation of NMC-graft-PAMAM/pDNA complex at different
H (5.5, 6.4, 7.4, 8.0 and 9.0) was studied to observe the effect of
H on the complex formation between the polymer and pDNA. The
ffect of temperature on NMC-graft-PAMAM/pDNA complex at N/P
atio 2.0 and 5.0 was also carried out.

.7. Determination of DNA loading efficiency

Equal volume of polymer solution in 5 mM sodium acetate buffer
t pH 5.5 and pDNA solution in 25 mM sodium sulfate solution
100 �g/mL) were separately heated at 55 ◦C for 10 min  and imme-
iately mixed at different N/P ratios (0.5, 1.0, 1.5, 2.0, 3.0 and
.0) and subsequently vortexed for 30 s and incubated at room

emperature for 30 min  to form polymer/DNA complexes. After
omplex formation, the solution mixture was then centrifuged and
he supernatant was collected to determine the amount of free DNA
y UV–vis spectroscopy (OPTIGEN POP BIO, Mecasys Co. Ltd., Korea)
logical Macromolecules 51 (2012) 859– 867 861

at 260 nm.  The DNA loading efficiency in percent was calculated by
the following equation:

% DNA loading efficiency = A − B

A
×  100

where A is the total concentration of DNA (mg/mL) and B is the
concentration of unloaded DNA (mg/mL).

2.8. Resistance of polymer/pDNA complexes to anionic surfactants

For this study, polyplexes were prepared as described above at
N/P ratio 2.0 containing 0.5 �g pDNA in each sample in sodium
acetate buffer at pH 5.5. After incubation for 30 min, 6 �L of anionic
surfactant (sodium dodecyl sulfate, SDS) at different concentrations
(0.01%, 0.05%, 0.1%, 0.5%, 1.0% and 3.0%, w/v) was added to each
sample and incubated for another 20 min. The samples were then
analyzed by 0.7% (w/v) agarose gel electrophoresis for 45 min  at
100 V and subsequently the gel picture was captured by BIOTOP
gel doc system (Shanghai, China).

2.9. In vitro cell toxicity of NMC-graft-PAMAM copolymer

The cytotoxicity of chitosan and graft copolymers was  deter-
mined by MTT  assay. Cells were seeded in 96-well plates at a density
of 1 × 104 cells/well (Vero cells) in 180 �L of growth medium and
incubated for 24 h prior to the addition of polymers. Then, 20 �L
filtered chitosan, graft copolymers and polyethyleneimine (PEI) as
control polymer with final concentrations of 5, 10, 25, 50, 75, 100,
150, 200, 250, 300, 400 and 500 �g/mL, respectively, were added to
each well. Untreated cells in growth media were used as the blank
control. Cells were incubated for 48 h, followed by the addition
of 20 �L of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) solution (5 mg/mL) in PBS buffer. After further incu-
bation for 4 h, the media was removed and replaced with 150 �L
DMSO to dissolve the MTT  formazan crystals. The absorbance was
recorded at 570 nm by an ELISA microplate reader (Bio-Rad). The
cell viability (%) was calculated according to the following equation:

Cell viability (%) = OD570(sample)

OD570(control)
× 100

where OD570(sample) represents measurement from the wells
treated with polymer and OD570(control) from the wells treated with
DMEM media only. All the data is presented as the mean of six
measurements (±SD).

2.10. In vitro DNA release study

Three different buffers, acetic acid/sodium acetate buffer (pH
2.0 and pH 6.8) and PBS (phosphate buffered saline) buffer (pH
7.4) were used as media for DNA release study. For this study,
NMC-graft-PAMAM/DNA complexes at N/P ratio 2.0 were prepared
prior to the release study and 300 �L buffer solutions were added
to the complexes and incubated in an incubator (Orbit, India) at
37 ± 0.5 ◦C. At the sampling time, the incubated dispersing solution
was centrifuged at 13,000 rpm for 10 min  and 250 �L of supernatant

was collected for evaluation of the amount of released DNA using
a spectrophotometer at 260 nm.  An equal volume of fresh buffer
was, then, replaced in the solution and the same procedure was
repeated for the next sampling time.
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Table 1
Average molecular weight (M̄w) and polydispersity index (PI) of chitosan, depoly-
merized chitosan, PAMAM dendrimers (full generations) and chitosan derivatives.

Compound M̄w(kDa) PI

CTS 222 3.48
Degraded CTS 25 2.69
PAMAM (G1) 0.536 1.06
PAMAM (G2) 1.315 1.13
PAMAM (G3) 2.955 1.21
NMC 38.4 3.69
NMC-graft-PAMAM (G1) 40.6 1.74

between chitosan and maleic anhydride, new peaks appear at 6.32
and 5.84 ppm in the NMR  spectrum of NMC  (Fig. 3b), attributed to
methylene protons (−CH CH−) of N-maleated group. The degree
Fig. 1. The FT-IR spectra of G0.5 (a) and G1 (b) PAMAM dendrimer.

. Results and discussion

.1. Characterization of depolymerized chitosan, PAMAM and
MC-graft-PAMAM copolymer

FTIR and 1H NMR  analysis were carried out to confirm the struc-
ures of PAMAM dendrimers. Fig. 1 shows the FTIR spectrum of
alf- and full-generation PAMAM dendrimers. Fig. 1a shows the IR
pectrum of G0.5 PAMAM dendrimers. The strong absorption peak
t 1729 cm−1 belongs to the stretching vibration of carbonyl bond
C O) of the ester (CO2CH3) groups. The three strong absorption
eaks for symmetric and asymmetric C O band in ester are 1169,
193 and 1251 cm−1, respectively, which suggests that the Michael
ddition reaction has been put in practice between EDA and MA.

Fig. 1b shows the IR spectrum of G1 PAMAM dendrimers. The
trong absorption peaks at 3281 cm−1 and 1545 cm−1 are corre-
ponding to N H bond of primary amine ( NH2) groups. The strong
bsorption peak at 1636 cm−1 is associated to the existence of
mide N H bond in CO NH group. Therefore, these IR results con-
rm the formation of PAMAM dendrimers [29].

The 1H NMR  data that was summarized in the synthesis sec-
ion correlated well with the FTIR result and further confirmed the
tructure of the dendrimers. For example, the ester methyl proton
eak at ı 3.64 in the NMR  spectra of half-generation dendrimers
as absent in the spectra of the full generation dendrimers. There-

ore, from this data it may  be confirmed that PAMAM dendrimers
ere synthesized.

To improve the water solubility of chitosan derivatives, chitosan
as depolymerized to prepare a low molecular weight chitosan.

ow molecular weight CTS was firstly prepared by oxidative degra-
ation with NaNO2 at room temperature. The molecular weight of
hitosan was determined by GPC. The calculated molecular weight
nd polydispersity index (PI) of chitosan, depolymerized chitosan,
AMAM dendrimers (full generations) and chitosan derivatives are
hown in Table 1.

The synthetic route of NMC-graft-PAMAM copolymer is shown
n Scheme 1. The amine groups of CTS were first reacted with maleic
nhydride. Then, the copolymer was obtained by the Michael type
ddition reaction between amino groups of full generation PAMAM

endrimers (G1–G3) with the double bonds of maleate groups of
-maleated chitosan. Fig. 2 shows the FTIR spectrum of depoly-
erized CTS, NMC  and NMC-graft-PAMAM (G2). Fig. 2a shows

he basic characteristic peaks of CTS at: 3346 cm−1 (O H stretch
NMC-graft-PAMAM (G2) 42.3 2.09
NMC-graft-PAMAM (G3) 46.5 2.45

and N H stretch, overlap), 2921 and 2876 cm−1 (C H stretch),
1635 cm−1 (NH CO (I) stretch), 1538 cm−1 (N H bend), 1151 cm−1

(bridge O stretch) and 1061 cm−1 (C O stretch) [30]. Fig. 2b
shows the IR spectrum of NMC. The new strong absorption peak at
1706 cm−1 occurs due to the carbonyl stretching vibration of car-
boxylic acid. The absorption peak intensity of amide N H of amide
groups increases and the peak intensity of primary amine ( NH2)
groups sharply decreases and shifts to the peak at 1549 cm−1 in
NMC. This result indicates that the amidization reaction takes place
on the amine groups of CTS. Fig. 2c shows the IR spectrum of
NMC-graft-PAMAM (G2) copolymer. The strong absorption peaks
at 1637 cm−1 and 1544 cm−1 are corresponding to the presence of
amide groups and primary amine groups of PAMAM dendrimers,
respectively. It is found from Fig. 2c that the peak intensities for
amide groups as well as amine groups sharply increased than that
of NMC  (Fig. 2b). On the other hand, the presence of the absorption
peak at 1705 cm−1 for carboxylic acid group and disappearance of
the absorption peak at 3009 (for C C in the maleate group of NMC)
in NMC-graft-PAMAM copolymer indicates that the Michael type
addition reaction takes place on the double bond of maleate group
in NMC  with the amine group of PAMAM dendrimer, leading to the
formation of NMC-graft-PAMAM copolymer.

The 1H NMR  spectra of CTS, NMC  and NMC-graft-PAMAM (G2)
are shown in Fig. 3. From Fig. 3a, typical peaks at 3.5–3.9 ppm
are assigned to glucosamine unit (H3, H4, H5, H6) of chitosan, the
peak at 3.14 ppm is responsible for H2 and the peak at 2.15 ppm is
assigned to the methyl protons of N-acetyl group. After the reaction
Fig. 2. The FT-IR spectra of CTS (a), NMC  (b), and NMC-graft-PAMAM (G2) copolymer
(c).
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strong peak at 20◦ was assigned to form II [31,32] (Fig. 4a). But, for
both NMC  and NMC-graft-PAMAM copolymer, the peak at 10◦ dis-
appeared and the reflection at 20◦ also significantly decreased. The
reason may be attributed to the destruction of the intermolecular

Table 2
Degree of substitution (DS) and solubility of chitosan, depolymerized chitosan and
chitosan derivatives.

Compound DSa Solubility

H2O 0.1 M HCl 0.1 M NaOH

CTS – I S I
Degraded CTS – I S I
NMC  0.41 P I S
Fig. 3. The 1H NMR  spectra of CTS (a), NMC

f substitution (DS) of NMC  is calculated by comparing the intensity
f peak at 3.5–3.9 ppm and the DS value is 0.41. Then, for the fur-
her reaction between NMC  and PAMAM dendrimers, the peaks at
.32 and 5.84 ppm disappear (encircled) and new broad peaks with
ultiplicity are appeared within 2.6–3.7 ppm in the NMR  spectrum

f NMC-graft-PAMAM (G2) (Fig. 3c). This indicates that PAMAM is
rafted on the chitosan backbone.

We prepared NMC-graft-PAMAM copolymer with various
eight ratios of NMC  to PAMAM (G2) dendrimer (data not shown).
e obtained an insoluble product when, we used stoichiometri-

ally equal or slight excess amount of PAMAM (G2). But, we  got
oluble product when tenfold excess of PAMAM dendrimer was
sed. This phenomenon can be explained by the fact that when,
qual or slight excess amount of PAMAM was used, the free primary
mine groups of NMC  took part in competitive Michael addition
eaction with the primary amine groups of PAMAM dendrimer and
ould react with the double bond of the maleate group of NMC
o form crosslinked product. But, when large excess amount (ten-
old) of PAMAM dendrimer was used, due to smaller molecular size
f PAMAM molecule compared to that of NMC, PAMAM molecule
referentially reacted with NMC  to form the soluble NMC-graft-

AMAM copolymer by the Michael addition reaction. The degree
f substitution and the solubility of NMC-graft-PAMAM copoly-
ers are summarized in Table 2. From the Table 2, it is found that

he DS value of the graft copolymers gradually decreases with the
nd NMC-graft-PAMAM (G2) copolymer (c).

increasing dendrimer generation. It may  be explained that the steric
hindrance of underivatized dendrimers would reduce the reactiv-
ity. All copolymers except NMC  were soluble in dilute aqueous acid
(0.1 M HCl) but, copolymers of low generation (G1 and G2) were
soluble in water.

The X-ray diffraction of chitosan, NMC  and NMC-graft-PAMAM
is shown in Fig. 4. Chitosan shows two  different peaks at 2� = 10◦

and 2� = 20◦. The peak at 10◦ was  assigned to crystal form I and the
NMC-graft-PAMAM (G1) 0.53 S S I
NMC-graft-PAMAM (G2) 0.42 S S I
NMC-graft-PAMAM (G3) 0.33 I S I

a Determined by NMR, I = Insoluble, S = Soluble, P = Partly soluble.
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electrolyte partners can be characterized by the electrophoretic
retardation bands in agarose gel. Fig. 5 shows the gel retardation
results of chitosan/pDNA and NMC-graft-PAMAM/pDNA complexes
at various N/P ratios. It is found that free DNA shows two distinct
cheme 1. Synthetic route for the synthesis of NMC-graft-PAMAM copolymer.

ydrogen bonds between the amine groups and hydroxyl groups of
hitosan due to the graft copolymerization. These results indicate

hat the graft copolymerization caused destruction of the ordered
rystal structure of the chitosan.
Fig. 4. X-ray diffraction patterns of CTS (a), NMC  (b), and NMC-graft-PAMAM (G2)
copolymer (c).

3.2. DNA complexation by NMC-graft-PAMAM copolymer

The complex formation between two  oppositely charged poly-
Fig. 5. Agarose gel electrophoresis of chitosan/pDNA complex (a) and NMC-graft-
PAMAM/pDNA complex (b).
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ormation at N/P ratio of 1.0 and at pH 5.5.
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Fig. 6. DNA loading efficiency into CTS and NMC-graft-PAMAM copolymer at differ-
ent N/P ratios.
Scheme 2. Polymer/DNA complex f

uorescent bands, corresponding to the supercoiled and circular
orms of the plasmid. When pDNA is complexed with CTS or NMC-
raft-PAMAM copolymer at low N/P ratio, a fraction of plasmid is
till free to migrate into the gel. Another fraction of plasmid DNA is
rapped in the lane, indicating the formation of complex with larger
ize than pDNA or less negatively charged than free pDNA. When,
DNA forms complex with CTS and NMC-graft-PAMAM copolymer
t N/P ratios of 2 (Fig. 5a, Lane-5) and 1 (Fig. 5b, Lane-3), respec-
ively, no DNA migrates into the gel. This indicates that all the pDNA
re complexed with the polymer. This result may  be explained
y the fact that NMC-graft-PAMAM copolymer condenses pDNA
ore effectively than chitosan alone at comparatively lower N/P

atio. The copolymer has gained higher positive charge density than
hitosan due to the presence of many primary amine groups at
he outer surface of PAMAM dendrimer in the copolymer, which

arkedly increase the complexation capability of the copolymer
ith the negatively charged pDNA. The complex formation of poly-
er  and pDNA at N/P ratio of 1.0 and at pH 5.5 is schematically

hown in Scheme 2. The same result is also obtained for DNA load-
ng efficiency measured by UV spectroscopy. Fig. 6 shows that
lmost all DNA are loaded in NMC-graft-PAMAM as complex at
/P ratio of 1.0, whereas all DNA are loaded in CTS as complex at
/P ratio of 2.0. Therefore, NMC-graft-PAMAM copolymers can be
ffectively used as gene carrier vehicle.

.3. Effect of pH on DNA complexation

The effect of pH of the media on the capability of complex for-
ation of NMC-graft-PAMAM copolymer with DNA is investigated.

opolymer/pDNA complexes are formed at the charge ratio of 2.0 in
BS solutions at different pH (5.5, 6.4, 7.4, 8.0 and 9.0). Fig. 7 shows
he effect of pH on the complex formation. It is found that the DNA
issociation starts from pH 7.4 and the dissociation increases with
ncreasing the pH of the media. Stable complexes are formed at
H 5.5 and 6.4, where no DNA is dissociated from the complex.
ecause, the amino groups of the copolymer become unionize at
igher pH and consequently the electrostatic interaction between

Fig. 7. Effect of pH on DNA complexation at N/P ratio of 2.0.
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Fig. 8. Effect of SDS concentration on polymer/DNA complex.

he polymer and DNA is lowered, which results the dissociation of
NA from the complex.

.4. Resistance of polymer/pDNA complexes to anionic surfactants

The resistance of CTS/pDNA and NMC-graft-PAMAM/pDNA
omplexes toward anionic surfactant (SDS) at different concentra-
ions 0.01%, 0.05%, 0.1%, 0.5%, 1% and 3% (w/w) is shown in Fig. 8.
s shown in Fig. 8, pDNA release from CTS complexes at compar-
tively lower SDS concentration, 0.01% than that is observed from
he copolymer complex at concentration above 0.05%. In both poly-

er/DNA complexes, no prominent bands of pDNA are observed in
he absence of SDS, while most DNA are found in loading lanes.
ut, the complexes are disrupted by SDS, which is a strong anionic
urfactant. In the presence of SDS, SDS competes with negatively
harged DNA to form complexes with cationic polymer. SDS-bound
NA shows a strong negative charge. Therefore, bands of plasmid
NA reappear. As the charge density increases in copolymer by

he incorporation of PAMAM molecule on to CTS backbone, the
lectrostatic interaction between the cationic copolymer and nega-
ively charged DNA also increases. Therefore, the copolymer shows

ore resistance than the copolymer/DNA complex toward anionic
urfactant compared to that of chitosan.

.5. Thermal stability of polymer/DNA complexes

Fig. 9 shows the effect of temperature on NMC-graft-
AMAM/pDNA complexes at N/P ratios of 2.0 and 5.0. DNA shows

denaturation” when, DNA solution is heated above a character-
stic temperature. Because, the native structure of DNA collapses
bove the characteristic temperature and its two complementary
trands separate and form a random coil conformation. As a result,

Fig. 9. Effect of temperature on NMC-graft-PAMAM/pDNA complex.
Fig. 10. In vitro cytotoxicity of CTS, NMC, NMC-graft-PAMAM (G1), NMC-graft-
PAMAM (G2) and NMC-graft-PAMAM (G3) copolymer on Vero cell line.

the physical properties of DNA, such as an increase in viscos-
ity changes and the corresponding UV absorbance increase at all
wavelengths [33,34]. Fig. 9 shows that the thermal denaturation
of DNA starts above 55 ◦C. But, the denaturation of DNA is largely
inhibited in the both complexes and consequently the melting tran-
sition of DNA also shifts to a higher temperature than that of intact
DNA. NMC-graft-PAMAM/pDNA complex at N/P ratio of 5.0 shows
more thermal stability compared to the complex at N/P ratio of
2.0. Because, the copolymer complexes more tightly with pDNA at
higher N/P ratio as the polymer gains more positive charge with
increasing the N/P ratio and consequently, the separation of the
complementary strands of DNA is decreased.

3.6. In vitro cell toxicity of NMC-graft-PAMAM copolymer

It has been already proven that chitosan is non-toxic and
biocompatible polymer. Therefore, its new derivative should be
carefully checked before it is used as biomaterials. The cytotox-
icity of CTS, NMC-graft-PAMAM copolymers and PEI (25 kDa) on
Vero cells was evaluated by MTT  assay at various concentrations
of the polymers. As shown in Fig. 10,  NMC-graft-PAMAM copoly-
mers exhibit much lower cytotoxicity compared with that of 25 kDa
PEI. On the other hand, the cytotoxicity of NMC-graft-PAMAM
copolymers increases gradually with increasing the concentration.
However, the cytotoxicity of PEI increases drastically with increas-
ing concentration and the cell viability becomes below 15% when
the concentration reached 100 �g/mL. According to Fig. 10,  it is
found that chitosan does not show cytotoxicity against Vero cells in
48 h culture but the toxicity of the copolymer slightly increases with
increasing the PAMAM generation in the copolymer. It is reported
that the cytotoxicity of cationic polymers is probably caused by the
interactions with the plasma membrane or interactions with neg-
atively charged cell components and proteins [35]. When, PAMAM
molecules were grafted to chitosan, the charge density of resulted
copolymers increases because the number of primary amine groups
increases with increasing the generation of PAMAM dendrimers.
The cell viability remains above 70% and 50% for NMC-graft-PAMAM
(G2) and NMC-graft-PAMAM (G3) copolymer, respectively when
the concentration of the polymer reaches 300 �g/mL. These find-

ings demonstrate that NMC-graft-PAMAM copolymers are much
less toxic compared to PEI. Therefore, NMC-graft-PAMAM copoly-
mer  can be safely used as the drug as well as gene carrier.
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Fig. 11. In vitro DNA release study at different pH.

.7. Study on in vitro DNA release

The cumulative release profiles of DNA from NMC-graft-
AMAM/pDNA complex at N/P ratio 2.0 were investigated as a
unction of time in different pH i.e., pH 2.0 (simulated gastric pH),
H 6.8 (simulated intestinal pH) and pH 7.4 (simulated colonic pH)
t 37 ± 0.5 ◦C for 72 h. The amount of released DNA was  measured
y UV spectrophotometer at 260 nm.  According to Fig. 11,  it is found
hat the amount of DNA releases in pH 2.0 and pH 6.8 is relatively
ow, only about 5–30% DNA is released within 10 h. Thereafter, the
umulative release of DNA remains almost constant. But, about 90%
NA is released within 24 h at pH 7.4. Therefore, in vitro release of
lasmid DNA from NMC-graft-PAMAM/DNA complex is dependent
n pH. As the pH of the release medium increases, the cumulative
NA release also increases and vice versa. At low pH, the amino
roups of the copolymer are protonated and consequently the
lectrostatic interaction increases between the positively charged
olymers and negatively charged pDNA, which results lower DNA
elease at low pH. But, the electrostatic interaction decreases with
ncreasing the pH of the medium due to the protonated amino
roups successively are deprotonated and as a result, the amount
f DNA release increases with increasing the pH.

. Conclusion

Low molecular weight Chitosan-graft-PAMAM copolymer was
ynthesized by simple Michael type addition reaction between the
rimary amine groups of PAMAM dendrimer (using excess amount
f dendrimer to avoid gelation) and the double bonds of NMC. The
hemical structure of CTS, NMC  and the copolymer was determined
y FT-IR, 1H NMR  and XRD. From the FT-IR and 1H NMR  spectra,

t is found that PAMAM dendrimers are grafted on the chitosan
ackbone through N-maleated chitosan. It is also found that the
rafting percentage decreases with increasing the PAMAM gener-
tion due steric crowding effect, which lowers the water solubility
onsequently. The positive charge density of chitosan increases by

he incorporation of PAMAM dendrimer onto chitosan backbone.
he complexation capability of chitosan increases markedly with
egatively charged plasmid DNA by the incorporation of PAMAM
oiety into the chitosan backbone. The copolymer shows better

[
[
[
[
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protection of DNA toward anionic surfactant. From the in vitro
cytotoxicity test, it is found that NMC-graft-PAMAM copolymers
are much less toxic compared to that of PEI. Release profile of DNA
from copolymer/DNA complex in pH 7.4 is higher than that of pH 2.0
and pH 6.8 due to deprotonation of the protonated amino groups of
the copolymer at pH 7.4. Therefore, NMC-graft-PAMAM copolymer
might be useful and safe biomacromolecule in future for drug and
gene carrier.
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