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ABSTRACT: Gene delivery from tissue engineering
scaffolds has demonstrated the ability to promote gene
transfer and stimulate new tissue formation. In this arti-
cle we report a novel nanofibrous scaffold based on poly-
electrolyte complexes as a vehicle for delivery of DNA.
When polycation chitosan (CS) was dropped into polyan-
ion poly(acrylic acid) (PAA) suspension and freeze-dried,
CS-PAA nanofibrous scaffold with diverse microstructure
would be formed under different experimental condi-
tions. The nanofiber size was affected by the CS molecu-
lar weight, the concentration of CS, the volume ratio of
CS to PAA, the reaction temperature, the incubation
time, and the final pH of the suspension as well. By
using adipic acid as branch promoter, adjusting the pH
value of the CS solution to 3, and then dropping CS into

the PAA solution at a ratio of 3 : 1, a nanofibrous struc-
ture with average diameter 140 nm is obtained after the
suspension is freeze-dried. These nanofibrous scaffolds
were nontoxic and can encapsulate plasmid DNA very
well. Transgenic expression in human dermal fibroblasts
seeded on the nanofibrous scaffolds was significant after
14 days compared to lipofectamine controls. This result
indicates that CS-PAA nanofibrous scaffold have favor-
able characteristics for nonviral gene delivery to mamma-
lian cell, and have the potential to enhance gene transfer
in tissue engineering. VC 2009 Wiley Periodicals, Inc. J Appl
Polym Sci 115: 1769–1780, 2010
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INTRODUCTION

Gene therapy is a rapidly progressing technology
devised for the treatment of a variety of diseases.
This approach is based on the principles of correct-
ing the basis of a disease at their origin by delivery
and subsequent expression of exogenous DNA,
which encodes for a missing or defective gene prod-
uct. Gene therapy strategies were originally
designed using viral particles for DNA delivery.
However, they develop a high immunogenicity after
repeat administration as the mammalian immune
system has developed strategies to eliminate viral
invaders as well.1 These limitations have motivated
the development of nonviral vectors capable of
delivering DNA while providing some of the advan-
tages of viral vectors.

One approach to control the duration and location
of gene expression with nonviral vectors is to immo-
bilize DNA constructs in localized depots with poly-
meric scaffolds that provide a platform for localized
DNA delivery.2 Gene expression is only typically
desired at the site, at which tissue formation is
desired. In fact, localizing gene expression can alle-
viate unwanted side events at other sites in the
body.3 Thus, ideal scaffolds for gene delivery should
incorporate methods of fabrication that allow for
control of the structure and morphology of the bio-
material from the nanoscopic to macroscopic and
molecular to macromolecular levels. Scaffolds should
be able to offer site-specific delivery of DNA in a
controllable and sustainable manner. Additionally,
the scaffold should be able to protect the DNA from
the biological system until it is released.
Polymer scaffold fabricated from polyesters, such

as poly(lactideco-glycolide) and poly(l-lactic acid),
and natural polymers, such as, collagen and hyalur-
onan can be incorporating DNA either in the naked
or condensed state. They also have been formulated
into nano- and micro-spheres, as well as three-
dimensional scaffolds capable of DNA delivery and
supporting cell growth.4 These materials are
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typically biocompatible and easily processed, mak-
ing them useful scaffolds for tissue engineering. The
natural scaffold for most tissues is the extracellular
matrix (ECM), which is composed of ground sub-
stances and collagens. The collagen fibers maintain
structure and mechanically stability. The collagen fi-
brous structure is organized in a fiber network com-
posed of collagen fibers that are formed hierachically
by nanometer-scale fibrils. Due to large surface area
to volume ratio, flexibility in surface functionalities,
and superior mechanical performance compared
with any other known form of the material, the
interaction between polymer nanofibers and cell has
been widely discussed. Therefore, ideally the dimen-
sions of the building fibers of the scaffold should be
on the same scale with those of natural ECM. In
efforts to mimic this natural scaffold, many groups
are exploring the development of biomaterial com-
posites incorporating biological agents, such as
growth factors and other key cell regulatory mole-
cules.5 Additionally, a wide variety of polymers,
polymer processing techniques, and fabrication tech-
niques are being explored for the incorporation of
plasmid DNA into delivery vehicles of various geo-
metries and tissue engineering scaffolds.

Self-assembly is a process, whereby atoms, mole-
cules, and molecular aggregates organize and
arrange themselves through weak and noncovalent
forces such as hydrogen bonding, electrostatic inter-
actions, and hydrophobic forces into stable and
structurally well-defined functional entities at the
meso- and nano-scale dimensions. Self-assembled
materials through purposeful manipulation poten-
tially offering novel property and functionality that
cannot be achieved by conventional organic synthe-
sis. Although such ordered and reproducible struc-
tures are very common in biology, they are a tre-
mendous challenge for the material scientist.
Therefore, much effort has been focused on investi-
gating the use of biological molecules for nanotech-
nology applications.

Polyelectrolyte complex (PEC) formation is mainly
caused by the strong coulomb interaction between
the oppositely charged polyelectrolytes. Under spe-
cial conditions, polyelectrolytes with weak ionic
groups and significantly different molecular weights
at nonstoichiometric mixing ratios, water soluble
PEC on a molecular level can be prepared, which
were comprehensively studied by the groups of
Kabanov.6 These PEC consist of a long host molecule
and shorter sequentially attached guest polyions of
opposite charge, i.e., they contain single stranded
hydrophilic and double stranded hydrophobic
sections.

Chitosan (CS) is a second abundant nature poly-
mer in the world. Its nontoxic, biodegradable, and
biocompatible has attracted significant interests in

various novel applications, such as pharmaceutical
and biomedical engineering.7 CS has free amino
groups on its backbone, leading CS to be a cationic
polyelectrolyte. Poly(acrylic acid) (PAA) is consid-
ered a pH and electrically sensitive material due to
the ionic repulsion between its anionic groups. PAA
contains carboxylic groups that become ionized in
solutions with a pH that support a pKa value of 4.7.
The amino group of CS can interact with the carbox-
ylic acid groups of PAA through electrostatic attrac-
tion resulting in the formation of PEC.8 The interac-
tion between CS and PAA has been exploited to
produce different biomaterials in the form of micro/
nano particles, films, hydrogels, and foams.9 Our
group has reported the preparation of nanofibrous
structure of CS-PAA in adipic acid aqueous solution
by a modified dropping method.10 However, little
work was focused on finely tuning the microstruc-
ture of CS-PAA nanofibrous scaffold.
In this article, we focused on the investigation of

microstructure and nanostructure formation of CS-
PAA nanofibrous structure by the complexation
between CS and PAA. The influence of various ex-
perimental parameters on the formation of nanofib-
ers, including the volume ratio of CS to PAA, final
suspension pH, concentration and molecular weight
of CS, incubation time and reaction temperature has
been investigated. The mechanism governing the
formation of the CS-PAA nanofibers is also dis-
cussed. Furthermore, the plasmid DNA encapsula-
tion ability and cell transfection of these CS-PAA
nanofibrous scaffolds was also evaluated.

EXPERIMENTAL

Materials

Chitosan (CS, Mw ¼ 400,000 and 600,000) was pur-
chased from Fluka biochemical (USA). The degree of
deacetylation was about 88% determined by IR
method. PAA (viscosity 8000–12000cp) was obtained
by Showa (Japan). Adipic acid was purchased from
Sigma (USA). All other reagents were of analytical
grade and used without further purification.
Dulbecco’s minimum Eagle’s medium (DMEM) for
cell culture was purchased from Gibco (USA), sup-
plemented with 10% fetal bovine serum (FBS),
100 mg/mL penicillin, and 100 mg/mL streptomy-
cin. The fluorescent protein reporter gene pEGFP-
N2, a 4.7 kb pcDNA encoding GFP, driven by a
cytomegalovirus immediate early promoter was pur-
chased from Clontech (USA). E. Z. N. A. Plasmid
Maxiprep Kit was purchased from Omega Bio-tek
(USA). The plasmid was propagated in Escherichia
coli, and then isolated and purified. The absorption
ratio at the wavelength of 260 nm was measured for
evaluation of plasmid concentration and purity.

1770 WANG, CHEN, AND KUO

Journal of Applied Polymer Science DOI 10.1002/app



Preparation of CS-PAA nanofibers and 3-D
nanofibrous scaffold

Adipic derived CS-PAA nanofibers were prepared
in a similar manner to our literature procedure.10

The effect of individual experimental parameters on
the preparation of the nanofibers was assessed while
all other variables were kept constant. Briefly, CS
flakes were measured and dissolved in adipic acid
(0.137M) at a concentration of 0.01, 0.1, and 0.2% wt
%. Solutions of high molecular weight (HW) and
low molecular weight (LW) CS were combined with
solutions of PAA. The pH of the PAA and CS solu-
tions was adjusted to pH ¼ 3, 3.6, 3.8, and 4 using
adipic acid, and stirred for 1 day at 25�C. CS solu-
tion was then added into PAA solution in a volume
ratio of 5 : 1, 4 : 1, 3 : 1, 2 : 1, 1 : 1, and 1 : 2 at a
dropping rate of 1 drop/s using a syringe needle
connected to a peristaltic pump. To address the
effect of incubation time and temperature on the
size of CS-PAA nanofibers, the CS-PAA nanofibers
were prepared by adding CS solution into PAA so-
lution of different temperatures and then incubated
at a different time. The final reaction mixture was
solidified in liquid nitrogen (�70�C) and freeze-
dried for 2 days. The frozen complex was then
dipped into a 0.01M sodium hydroxide solution to
remove the remaining adipic acid. After being
washed with deionized distilled water, the precipi-
tates were kept at �55�C for 1 day and freeze-dried
again. Then the CS-PAA nanofibrous scaffold can be
obtained.

SEM observation

Morphology of the CS-PAA nanofibrous structure
was obtained using a scanning electron microscope
(SEM, S-4100, Hitachi, Japan) operating at 15.0keV,
in which the specimens were Pt-coated before
examination.

FTIR–ATR analysis

Fourier Transform Infrared Spectroscopy–attenuated
Total Reflectance Spectrometer (FTIR–ATR, Nicolet
Nexus 470, Thermo Nicolet Corporation, USA) was
used to determine the chemical interaction between
CS and PAA. The spectra were collected from 4000
to 400 cm�1 with a 4 cm�1 resolution over 40 scans.

Size distribution and zeta potential analysis

Mean diameter and size distribution of the CS-PAA
nanofibers were determined by measuring the diam-
eters of nanofibers at 100 different points in a 511 �
479 SEM image. Image processing software ImageJ
(NIH) was used to measure the fiber diameter from
the SEM micrographs in this study. Measurements

were done for three different images for each sam-
ple. Surface charges of the nanofibers were deter-
mined by Malvern Zetasizer 3000 HS (Herrenberg,
Germany). Each sample of the nanofiber suspension
was adjusted to a concentration of 0.01% (w/v) in
deionized water or in 0.01 mol/L NaCl solution in
the case of zeta potential examination. All analyses
were triplicated and the results were the average of
three runs. To determine the zeta potential of the
scaffold, the Electrokinetic Analyzer (EKA, Anton
Paar KG, Graz, Austria) based on the streaming
potential method was used. PBS was supplied
upstream of the scaffold, at which the substrate
potential was stable due to the reduction of the con-
centration polarization. The streaming potential was
measured at 25�C by two Ag/AgCl reference elec-
trodes. The zeta potential can be calculated from the
measured streaming potential with the Helm-
holtz�Smoluchowski relationship.11

Equilibrium swelling study

Swelling behaviors of nanofibrous scaffold have
been investigated in sterilized phosphate buffered
saline (PBS, pH 7.4) solution at 37�C. Nanofibrous
scaffold with various CS concentration were used, in
order to observe the integrity of the nanofibrous
structure in aqueous solution. The samples were
immersed in the solution, taken out from it at vari-
ous time intervals, and then weighted with an elec-
tronic balance. The experiment was continued until
samples reached equilibrium. The degree of swelling
(S) for each sample at time t was calculated using
the relation ((WS-W0)/W0), Where Ws and W0 are the
weights of the swollen and dry nanofibrous scaffold,
respectively.

Evaluation of cytotoxicity

To evaluate the cytotoxicity of the scaffold toward
NIH3T3 fibroblasts, the prepared scaffold was de-
posited on cell cultures. CS-PAA scaffolds prepared
by different CS concentration (0.01, 0.1, and 0.2 wt
%) sterilized in 75% alcohol overnight and rinsed
with PBS solution were placed in 6-welled tissue
culture polystyrene plates (Costar, USA). After aspi-
ration of phosphate buffered saline (PBS), 2 mL me-
dium of cell suspension at a density of 1 � 105
cells/mL, DMEM was placed on each well and
maintained in an incubator with 5% CO2 at 37�C.
After cell culturing for 6 days, the prepared scaffolds
were washed twice with a sterile PBS solution to
eliminate dead cells. Then, a 3-(4,5-dimethylthiazol-
2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) test12

was carried out to quantity the viability of the fibro-
blasts. Scaffold without cells was expressed as con-
trol. All experiments were repeated four times, and
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results were expressed as mean � standard devia-
tion of mean.

Fabrication of CS–PAA nanofibrous scaffolds con-
taining DNA

CS were dissolved in adipic acid solution at a con-
centration of 0.01 wt % and the final pH value was
adjusted to pH 3, and stirred for 1 day at 25�C. The
CS solution was then added into PAA solution (1%)
in a volume ratio of 3 : 1 at a dropping rate of one
drop/s using a syringe needle connected to a peri-
staltic pump. The mixed solution was poured into a
stainless steel mold and then frozen in liquid
N2(97K), and freeze-dried for 48 h to get scaffolds of
columned shape with a diameter of 5 mm. The bulk
porous cylinders were soaked in a 0.01M NaOH, fol-
lowed by washing with DIW and immersed in 75%
ethanol solution for 12 h for sterilization, and then
lyophilized again to get neutral scaffolds.

A sterilized phosphate buffered saline (PBS, pH
7.4) containing pEGFP-N2 plasmid through a syringe
filter for sterilization was dropped onto the dried
CS-PAA cylinders. The DNA scaffolds (lg/mg) was
controlled as 0.5, 1, 2, 4, 5, and 10, and then kept at
4�C overnight for full incorporation of CS-PAA com-
plex with DNA. These DNA complexes were then
frozen by immersion into liquid nitrogen and lyoph-
ilized for cell culture use.

Gel retarding analysis

Complex formation was evaluated by agarose gel
electrophoresis. The CS-pEGFP-N2 nanofibrous scaf-
fold were prepared at DNA/scaffolds (lg/mg)
ratios of 0.5, 1, 2, 4, 5, and 10, respectively, by vary-
ing the weight of scaffold. The nanofibrous scaffolds
and the naked plasmid were loaded onto a 0.8% w/
v agarose gel. The samples were run on the gel at
80V for 60min; then the gel was stained with ethi-
dium bromide and photographed using an UV illu-
minator (Eagle EyeP, Stratagene, La Jolla, CA) to
document the mobility of the DNA.

Cell culture and transfection

Transfection studies were conducted using the
human dermal fibroblast (HDF) cell line. Cells were
suspended in medium at a concentration of 1 � 106/
mL and seeded by pipetting cell suspension drop-
wise onto a 5 � 5 � 3 mm3 piece of dry scaffold in a
24-well plate. Scaffolds were transferred out of the
plate into 1.5 mL/well of medium in wells of a 24-
well plate after 1 day seeded. Culture medium was
changed every 3 days. HDF seeded scaffolds were
incubated in DMEM supplemented with 10% FBS
and 1% penicillin/streptomycin (Gibco, USA). Cells

from scaffolds were trypsinized from the scaffold on
day 14 and GFP expression was quantified using
flow cytometry in a FACS Calibur System from Bec-
ton-Dickinson and the Lipofectamine with plasmid
DNA were used as positive control. Control transfec-
tions with Lipofectamine reagent were done accord-
ing to the recommended procedure described by
Sullivan et al.13 Each transfection experiment was
carried out in triplicate.

RESULTS AND DISCUSSION

Effect of CS to PAA ratio and chitosan molecular
weight

As reported by Schatz,14 chain length of CS is a
major parameter affecting the dimensions of the
complexes. In our case, nanofibers were prepared by
HW (600000) and LW (400000) Chitosan with PAA
at six different CS/PAA ratios to see the effect of
their molecular weight on the resulting nanofiber
size. The reaction pH was kept constant at a pH of
3, which is according to our previous study.10 The
morphology of the scaffold and resulting mean di-
ameter sizes distribution as determined by SEM
images. Morphology of CS-PAA scaffolds prepared
by LW Chitosan with 1 : 1, 2 : 1, and 3 : 1 CS/PAA
volume ratio at a pH of 3 are shown in Figure 1.
Figure 1 shows that fibers were easily processed into
a three-dimensional fibrous scaffold using a drop-
ping method known as needle-dropping process. A
macroscopic view of the scaffold suggests that it
possesses high porosity. Random entanglements
between fibers provide the physical reinforcement
that holds the scaffold together, and the pores
between fibers are on the order of hundreds of
nanometers to a few microns in diameter. Figure 2
shows that with increasing the CS/PAA volume ra-
tio, the mean diameter of nanofibers decreased
except that the ratio over than 3. The same trend can
be observed for both molecular weight combina-
tions, with the smallest diameter obtained when the
CS/PAA ratio is close to 3 : 1. This result suggests
that the ratio of CS to PAA influences the diameter
size of nanofibers. When the ratio of CS/PAA
increased from 2 to 3, the smallest diameter size dis-
tribution of the scaffold can be obtained. Table I
shows that the surfaces of CS-PAA nanofibers have
positive charges of about 15–40 mV as the CS/PAA
ratio is higher than 1. The positive charged surface
of CS-PAA nanofibers is same as to other CS nano-
fibers prepared by electrospinning because of the
cationic characteristic of CS. Meanwhile, as the ratio
of CS/PAA increases, the zeta potential of CS–PAA
nanofibers increases monotonously and undergoes a
transformation from a negative potential to a posi-
tive potential. It indicates that as the content of CS
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excesses than PAA, some of the excessive CS will be
absorbed onto the surface of CS-PAA nanofibers,
which will increase the surface charges of CS-PAA
nanofibers and resulting in the increase of zeta

Figure 1 SEM morphology of CS–PAA scaffolds prepared by LW chitosan with different CS/PAA volume ratio (a) 1 : 1,
(b) 2 : 1, and (c) 3 : 1 at a pH of 3. (d), (e), and (f): higher magnification of (a), (b), and (c).

Figure 2 Effect of the ratio of CS to PAA and CS molecu-
lar weight on mean diameter size at a pH of 3.

TABLE I
Fiber Diameters and Zeta Potential of CS–PAA
Nanofibrous Scaffold Prepared by LW Chitosan

CS : PAA
(wt : wt)

Diameter
range (nm)

Averaged
diameter (nm)a

Zeta
potential (mV)

1 : 3 800–1700 910 �21.5 � 3.1
1 : 2 600–960 724 �11.5 � 2.2
1 : 1 110–920 580 6.1 � 1.5
2 : 1 80–960 550 16.2 � 1.8
3 : 1 30–300 140 31.5 � 1.4
5 : 1 150–420 210 39.1 � 1.3

a Fiber diameter was characterized at pH of 3
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potential. On the contrary, as the content of PAA
close to CS, the surface charges of the sample
decreased due to the charge neutralization.

The effect of CS molecular weight on nanofibers
size was also shown in Figure 2. Generally, the LW
Chitosan resulted in smaller nanofibers for most
ratios of CS/PAA. These results indicate that molec-
ular weight of CS is a major parameter, which
affects the size of resulting CS-PAA nanofibers
greatly. According to Chen et al.’s study,15 When CS
solution was dropped into PAA solution, the size of
CS-PAA was determined by the initial dispersion
extent of CS in PAA solution, that is, the higher the
dispersion extent of CS in PAA solution, the smaller
the size of the CS-PAA nanofibers. The dispersion
extent of CS in PAA solution was mainly deter-
mined by the viscosity of CS solution or CS molecu-
lar weight. When using higher molecular weight CS
specimen, the CS solution became more viscous,
which restricted the dispersion of PAA in it and
caused the increase in size of resulting CS-PAA
nanofibers. This may stem from the ability of LW
Chitosan to diffuse more readily in the PAA gel ma-
trix to form smaller, more homogeneous fibers. On
the contrary, HW–CS may bind to the surface of
PAA matrices, forming an outer membrane and
increasing fiber size.

Effect of pH on the mean diameter and
morphology of CS–PAA nanofibrous scaffold

The effect of pH (pH ¼ 4, 3.8, 3.6, and 3) on the
morphology and mean diameter of CS–PAA nanofi-
brous scaffolds prepared by LW Chitosan with vol-
ume ratio of CS/PAA ¼ 3 were investigated by SEM
and Zetasizer. Table II shows the result of the mean
diameters of the CS–PAA nanofibrous scaffolds
under different pH values. From Table II, it can be
seen that, the diameter of the nanofibers increases
with the increase of pH value from 3 to 4. Figure 3
shows the SEM photographs of CS–PAA nanofi-
brous scaffold prepared at various pH environments.
The nanofibrous scaffold, which were derived from
adipic solution at a pH value of 4 [Fig. 3(a)], exhibit
irregular and consistent sheet-like porous structure.
However, the nanofibrous scaffold derived from
adipic acid at a pH of 3 shown in Figure 3(d) exhibit
a well-connected network structure with diameters
in the range of 30–300 nm. Figure 4 also shows the
FTIR-ATR spectra of untreated and pH-treated CS-
PAA nanofibrous scaffold. The term ‘‘untreated’’
and ‘‘pH-treated’’ CS-PAA nanofibrous scaffold is
refers to the CS-PAA nanofibrous scaffold prepared
without and with solution pH adjustment, respec-
tively. Untreated CS-PAA nanofibrous scaffold have
new absorption band around 1690 cm�1, which is
assigned to C¼¼O stretching vibration of carboxyl

groups. The two characteristic peaks of CS (amide I
band at 1665 cm�1and the amide II band at 1580
cm�1 ) decrease dramatically. The broad peak at
2500 cm�1 also confirms the presence of NH3

þ in
CS-PAA nanofibrous scaffold. Additionally, two
peaks around 1465 and 1421 cm�1 were observed
due to asymmetric and symmetric stretching of
COO� groups, respectively. These results confirm
that the carboxylic groups of PAA are dissociated
into COO� groups, which complex with protonated
amino groups from CS through electrostatic interac-
tion during the formation of carboxylic acid-derived
CS-PAA complex.16 Figure 4(d) shows that the pH 3
treated CS-PAA nanofibrous scaffold spectra except
that the peak at 1690 cm�1moved to a higher wave
number 1693 cm�1, coupled with the peak at 1465
cm�1 moved to a higher wave number 1524 cm�1. In
contrast with spectra Figure 4(e,f) (pH 3.6 and 4
treated CS–PAA nanofibrous scaffold), a significant
peak at 1524 cm�1 increased with the decrease of
peaks at 1693 cm�1 in the spectra when the reaction
pH increase from 3 to 4. It implied that the electro-
static interaction between CS and PAA was favor-
able in pH 3 environment. Moreover, COO� groups
were favor formed at pH 4 environment resulted in
decreasing the ionic interaction between CS and
PAA.
The CS–PAA nanofibrous scaffolds were formed

by ionic interaction between positively charged CS
and negatively charged PAA in this study. The pKa
values of PAA and CS are 4.43 and 6.5,16 respec-
tively. Under pH 3 condition, CS are completely ion-
ized. The partly ionized PAA and CS can form com-
pact polyelectrolytes complex by ionic interaction.
The interaction between NH3þ and COO� in the
CS–PAA nanofibers could be disrupted by the adipic
acid of small molecules, which leads to chain branch
of CS and PAA and resulted in a fibrous structure.17

When pH values increased from 3 to 3.8, the charge
density of the PAA molecules significantly
increased. Thus, the electrostatic repulsive forces of
PAA molecules increased, resulting in the increase
of swelling degree of PAA and the increase of the
mean diameter of these CS–PAA nanofibers. When

TABLE II
Fiber Diameters of CS–PAA Nanofibrous Scaffolds
Prepared by LW Chitosan at Various pH Values

pH values
Diameter
range (nm)

Averaged
diameter (nm)a

4 –b –b

3.8 1500–8400 2800
3.6 240–1500 340
3 30–300 140

a diameter was characterized at CS/PAA ¼ 3.
b Porous structure.

1774 WANG, CHEN, AND KUO

Journal of Applied Polymer Science DOI 10.1002/app



these CS–PAA nanofibrous scaffolds were derived
from adipic acid in pH 4 condition, the morphology
of nanofibrous scaffold was changed to sheet-like
structure because of lower solubility of CS. At this
pH value, PAA was highly swollen while CS was
low solubility, which results in the phase separation
of nanofibers. Hence, the sheet-like structure was

formed in these CS–PAA scaffolds as shown in
Figure 4(a).

Effect of CS concentration on the mean diameter
of nanofibrous structure

The similar results of effect of CS concentration on
the fibers morphology and diameter were obtained

Figure 3 CS-PAA scaffold obtained from LW chitosan dissolved at (a) pH 4, (b) pH 3.8, (c) pH 3.6, and (d) pH 3. (e), (f),
(g), and (h): higher magnification of (a), (b), (c), and (d). (preparation conditions: CS/PAA ¼ 3).
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from the various volume ratios of CS to PAA at a
pH of 3. Figure 5 shows SEM images of the nanofi-
brous scaffolds as a function of concentration (prep-
aration condition: CS/PAA ¼ 3, pH 3). It was found
that the morphology of the nanofibrous scaffold
changed gradually from the uniform fiber-structure
to the entangled fiber-structure with increasing con-
centration of the solution. Figure 5(d) shows the av-
erage diameter of the adipic derived CS-PAA nanofi-
brous scaffold as a function of CS concentration. The
average diameter of the nanofibers increased with
increasing the concentration. When the concentration
of CS solution was more than 0.2 wt %, the self-as-
sembly process was hard to maintain due to the
high viscosity of the solution. Hence, the size of CS-
PAA fiber cannot shrink to nano scales.

Effect of incubation time and incubation
temperature

The effects of the incubation time and the incubation
temperature on CS-PAA nanofibers size (preparation

conditions: LW Chitosan, CS/PAA ¼ 3, pH 3) were
shown in Figure 6. The same trend can be observed,
in which the size of CS-PAA nanofibers becomes
smaller when incubation time increased even though
the reduced magnitude in size is small. It implied
that the size of CS-PAA nanofibers would be
changed in a modulation process during the incuba-
tion time.15 Otherwise, the temperature of CS solu-
tion has a great influence on the size of CS-PAA
nanofibers. With increasing the temperature of CS
solution, the small size of nanofibers can be
obtained. According to Buscher’s study,18 increasing
temperature of CS solution can reduce the viscosity
of CS solution and increase the interaction parameter
between polyelectrolytes and solvent, which results
in a reduction in the fiber size. Figure 7 also show
that the TEM images of CS-PAA nanofibers pre-
pared under different incubation time and the incu-
bation temperature. As shown in Figure 7(a), the
solid CS-PAA nanofibers with clear contrast are
observed when the incubation time was 0.5 hr at
25�C. However, after the nanofibers were incubated
for 3 hr at 25�C, a core-shell separation is occurred,
there is a space between the core and shell. Based
on the positive zeta potential of these CS-PAA nano-
fibers, we attribute the bright ring in the outer shell
to CS chains, while the dark area in the center of
nanofibers to CS-PAA complex.19 Otherwise, when
increasing temperature of CS solution to 70�C for 0.5
hr, the smaller size of nanofibers can be obtained as
shown in Figure 7(c). It indicates that in addition to
molecular weight of CS used, the size of CS-PAA
nanofibers can also be adjusted by controlling the
temperature of CS solution.

Formation mechanism of the CS–PAA nanofiber
networks

To further understand the formation mechanism of
the CS-PAA nanofiber networks, the influence of the
molecular weight of CS, the concentration of CS, the
volume ratio of CS/PAA and the reaction pH value
on the morphologies of the CS-PAA nanofibers have
been investigated. The results are briefly summar-
ized as follows: (1) if carboxylic acid with high crys-
tallized structure is used in the reaction solution,
fiber-like CS-PAA complexs are found; (2) when the
content of CS excesses than PAA, the fibers scale
have dramatically shrinking. (3) As the concentration
of CS is between 0.01 and 0.2 wt %, CS-PAA nano-
fibers can be obtained; (4) when the reaction pH
decreasing to 3, the morphology of CS-PAA also
transforms into nanofibers. These changes in mor-
phology of the synthesized CS-PAA nanofibers with
the synthesis conditions suggest that the carboxylic
acid type and reaction pH have great influence on
the formation of the CS-PAA nanofiber networks.

Figure 4 FTIR–ATR spectra of untreated and pH-treated
CS-PAA nanofibrous scaffold (preparation conditions: LW
chitosan, CS/PAA ¼ 3).
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On the basis of the earlierresults, a model describ-
ing the mechanism of CS-PAA nanofiber formation
using PAA is as follows: When CS drop into PAA
gel, the PAA acts as a template and then CS with an
amino group interact with the PAA with carboxylic
groups. According to Keel et al.,20 adipic acid is a
two-protonated acid, which has very strong hydro-
gen bonds with other adipic acid molecules. It is
also easily aligned and crystallized. Upon the adipic
acid, the CS-PAA nanocomplexes could preferen-
tially align to form nanofibers. In addition, PAA has
many carboxyl groups and OH groups. It is reasona-
ble to expect that hydrogen bond could be formed
through the AOH group of PAA with the amine of
CS. Thus, the structure of a junction between CS-
PAA nanofibers could be constructed, and then a
network of CS-PAA nanofibrous structure can be
built up with limited parasitic branching by adipic
acid.

Swelling behavior

Figure 8 shows the swelling behavior of CS-PAA
nanofibrous scaffolds prepared with different CS
concentrations (preparation conditions: LW Chito-
san, CS/PAA ¼ 3, pH 3). It indicates that little varia-
tion in water absorption was observed for all types
of CS-PAA scaffolds with equilibrium swelling ratios
in the range of 50–70% after 2 hr in PBS solution.

The swelling ability of the CS-PAA nanofibrous scaf-
folds could be attributed to both of their hydrophi-
licity and the maintenance of their 3D-structure. As
it is seen from Figure 8, swelling ratios of CS-PAA
scaffolds of 0.01% composition were higher than that
of other scaffolds prepared from 1 and 2% composi-
tion as the surface of those were more hydrophilic
and pore interconnectivities were higher.21 Although
nanofiber scaffolds were swelled up to high ratio,
they preserved their physical integrity upon

Figure 5 SEM morphology of CS-PAA scaffold at concentration of (a) 0.01 wt % CS, (b) 0.1 wt % CS, and (c) 0.2 wt %
CS (d) diameter change of nanofibers as increasing the concentration of CS. (preparation conditions: LW chitosan, CS/
PAA ¼ 3, pH 3).

Figure 6 Effects of the incubation time and incubation
temperature on CS-PAA nanofibers size. (preparation con-
ditions: LW chitosan, CS/PAA ¼ 3, pH 3).
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incubation in aqueous solution. This property of CS-
PAA nanofibrous scaffolds may enable for easy han-
dling of the scaffold material in practical clinical
applications.

Cell viability assay

The viability of fibroblasts on CS-PAA nanofibrous
scaffolds with different CS concentrations (prepara-
tion conditions: LW Chitosan, CS/PAA ¼ 3, pH 3)
were evaluated through 10 days of incubation and
the results were shown in Figure 9. After 1 day incu-
bation period, fibroblasts start to proliferate on scaf-
folds throughout the attached cells. The results
showed an increase in cell number for all scaffolds
by the end of 7 days of culture period. Otherwise,
with increasing the CS concentration, the cell viabil-
ity also decreased. After 7 days of culture, cell num-
bers reaches plateau, possibly because cells may
have occupied all available spaces in the prepared

Figure 7 TEM images of CS-PAA nanofibers prepared
under different incubation time and incubation tempera-
ture. (a) 0.5 hr at 25�C, (b) 3 hr at 25�C, and (c) 0.5 hr at
70�C (preparation conditions: LW chitosan, CS/PAA ¼ 3,
pH 3).

Figure 8 Swelling behavior of CS-PAA nanofibrous scaf-
folds prepared with different CS concentrations. (prepara-
tion conditions: LW Chitosan, CS/PAA ¼ 3, pH 3).

Figure 9 The viability of fibroblasts on CS-PAA nanofi-
brous scaffolds with different CS concentrations. (prepara-
tion conditions: LW Chitosan, CS/PAA ¼ 3, pH 3).
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scaffold. According to Li et.al.’s22 study, when cells
perform amoeboid movement to migrate through
the pores, they can push the surrounding fibers
aside to expand the hole as the small fibers offer lit-
tle resistance to cell movement. This dynamic archi-
tecture provides cells with an opportunity to opti-
mally adjust the pore diameter and grow into the
scaffold even though some pores are relatively
small. Therefore, some pores with smaller diameters
in this structure may not hinder cell migration. In
our case, CS-PAA scaffold with 0.01 wt % CS com-
position has highly porous structure and surface
area to volume ratio among them. Hence, higher cell
viability was observed. The obtained results suggest
that CS-PAA nanofibrous scaffolds are nontoxic to
fibroblasts and are good candidates for use as gene
delivery vectors.

Gel retardation assay

Based on the description of formation mechanism of
CS-PAA nanofibrous scaffold, it is realized that PAA
molecules are located in the interior of CS-PAA
nanofibers and the surface of nanofibers will be CS-
rich phase. Thus, plasmid DNA can be encapsulated
by CS-PAA nanofibrous structure by adding DNA
into CS-PAA scaffold. To evaluate DNA binding
ability of CS-PAA nanofibrous scaffold prepared at
various DNA/scaffold ratios (lg/mg), the binding
ability was analyzed using agarose electrophoresis.
When DNA is encapsulated into these CS-PAA scaf-
folds, migration of DNA on an agarose gel is re-

tarded because of the charge neutralization. Figure
10 shows the gel retardation result of CS-PAA nano-
fibrous scaffolds with increasing DNA/scaffold
ratios (preparation conditions: LW Chitosan, 0.01 wt
% CS, CS/PAA ¼ 3, pH 3). It can be seen that no
retention is observed for free DNA (Lane 1). For
DNA encapsulated CS-PAA nanofibrous scaffold,
DNA was totally retarded in a DNA/scaffold range
without any leakage (Lane 4–7). However, when
plasmid DNA was mixed with scaffolds above the
ratio of 4 lg/mg, the naked DNA could be detected
because of excess of DNA loading (Lane 2, 3). This
result indicates that these CS-PAA nanofibrous scaf-
folds may serve as potential gene carriers for gene
delivery.

Transfection efficiency of CS–PAA–pEGFP Nanofi-
brous Scaffolds in HDF cells

Several factors have great influence on the gene
delivery potential of CS-based scaffold in mamma-
lian cells, such as the cell types, pH transfection me-
dium, serum, plasmid dosage, and molecular weight
of CS.23 In this study, we investigated the transfec-
tion efficiency of the nanofibrous scaffolds in HDF
cells in different DNA/scaffold ratio (lg/mg) to
find the optimal transfection condition. To quantify
the extent of transfection, we trypsinized cells from
nanofibrous scaffold and analyzed them using
FACS.
Figure 11 shows the transfection efficiency of the

naked plasmids and nanofibrous scaffolds contained
DNA prepared by different DNA/scaffold ratio
(preparation conditions: LW Chitosan, 0.01 wt % CS,

Figure 10 Gel retardation showing the coupling ability of
CS-PAA nanofibrous scaffold for the coupling of plasmid
DNA pEGFP-Control. Lane 1: Free DNA pEGFP-Control,
20lg; Lanes 2 and 3: DNA/scaffols in the ratio of 5 and 10
(lg/mg) respectively. Lanes 4, 5, 6, and 7: DNA/scaffolds
in the ratio of 0.5, 1, 2, and 4 (lg/mg), respectively. (prep-
aration conditions: LW chitosan, 0.01 wt % CS, CS/PAA ¼
3, pH 3).

Figure 11 Transfection efficiency of the naked plasmids
and nanofibrous scaffolds contained DNA prepared by
different DNA/scaffold ratio. (D, DNA; S, scaffold;
-number, DNA in scaffold (lg/mg)). (preparation condi-
tions: LW chitosan, 0.01 wt % CS, CS/PAA ¼ 3, pH 3).
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CS/PAA ¼ 3, pH 3). The naked plasmid and Lipofect-
amine as the positive control were used to transfect
the cells at the same time. At DNA/scaffold ratio 4,
the hightest transfection efficiency was achieved.
However, when plasmid DNA was mixed with scaf-
fold in the ratio of 5, the transfection efficiency drastic
decreased. The increase of transfection efficiency from
1 lg/mg to 4 lg/mg may be related to their zeta
potential as described earlier in gel retardation assay.
However, the DNA overloading for DNA/scaffold ra-
tio 5 resulted in low proton absorption capacity.
According to Ishii et al.’s24 study, the lack of proton
adsorption capacity will lead to low transfection effi-
ciency. Therefore, as the DNA/scaffold ratio changes,
the gene delivery capacity will also changed.

CONCLUSION

In this work, a self-assembling process synthesized
large quantities of CS-PAA nanofibers by dropping
CS to PAA solution. This approach was without
using any organic solvents and surfactants. It is an
easy, inexpensive method to produce nanofibers
with controllable average diameters in bulk quanti-
ties. It was found that the diameter of the CS-PAA
nanofibers could be easily controlled by the CS mo-
lecular weight, the concentration of CS, the volume
ratio of CS to PAA, the reaction temperature, the
incubation time, and the final pH of the suspension.
By using adipic acid as branch promoter, adjusting
the pH value of the CS solution to 3, and then drop-
ping CS into the PAA solution at a ratio of 3 : 1,
yields nanofibers with diameters from 30 to 300 nm
in the suspension. A nanofibrous structure with
averaged diameter 140 nm is obtained after the sus-
pension is freeze-dried through phase separation.
Experimental results showed networks of CS-PAA
nanofibrous structure could be built up with limited
parasitic branching by crystallized adipic acid. Pre-
liminary experiment shows that the nanofibrous
scaffold was nontoxic and can bind plasmid DNA
very well. Transgene expression in human dermal
fibroblasts seeded on the nanofibrous scaffolds was

significant after 14 days compared to lipofectamine
controls. Such a fibrous scaffold can be used as a
complementary technology to deliver gene vectors
tailored for specific cell types.
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