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Hybrid fiber and capsule creation based on the electrostatic polynucleotide–polysaccharide interaction has been
studied. The fibrous form is made from single (SS)- and double (DS)-stranded DNAs and chitosan via polyion complex
(PIC) formation. When DNA solutions with and without NaCl are added to an aqueous chitosan solution without mixing,
PIC films are formed at the interface. When these PIC films are withdrawn from the interface, fiber lines form in the wet
states. After the intact wet fibers are dried in air, SS- and DSDNA–chitosan fibers form. The tensile strength of the stron-
gest DSDNA–chitosan fiber is 84 MPa. The strength and the strain of the fibers depend on the NaCl concentrations of the
DNA solutions. Stable SS- and DSDNA–chitosan PIC capsules can also be prepared.

DNA is the most important genetic material of living organ-
isms, and is a highly charged polyelectrolyte with a negative
charge at the phosphate group of each nucleotide. Although
DNA is readily purified from salmon milts or shellfish gonads,
large amounts of these DNA-enriched materials have been dis-
carded as waste by industry. DNA is highly water-soluble and
biochemically unstable. These properties have been making it
difficult to utilize them as industrial and/or functional materi-
als. For overcoming this weak point, DNA as a molecular ma-
terial has recently been studied regarding complexation with
other molecular materials and the UV-irradiation of DNA.1–6

Chitosan is readily prepared from crystalline chitin, which
has been produced from the epidermis of shellfish, via N-de-
acetylation with alkali. A part of this material is used as a co-
agulant for sewage treatment, and others are discarded due to a
limited understanding of their use.7 The conversion of these
discarded DNAs and chitosans into useful materials would
be beneficial in order to utilize these unique natural resources.

Polyion complexes (PICs) are formed by the reaction of a
polyelectrolyte with an oppositely charged polyelectrolyte in
aqueous solution. PICs have numerous applications, such as
hybrid membranes, fibers, gels, and capsules and microcap-
sules, and have been widely studied.8–11 During the course
of our continuing work on the creation of biomimetic hybrid
materials,12,13 we found that the interaction between anionic
and cationic polyelectrolytes produces characteristic structures
at the interface between aqueous solutions. In this article, we
report on the different characteristic surface structures, such
as fibers and capsules, between anionic DNA with phosphoric
functional groups and cationic chitosan composed of [(1,4)-2-
amino-2-deoxy-�-D-glucan] with amino functional groups, via
PIC formation at the aqueous interface.

Experimental

Materials and Methods. The chitosans (chitosan 10, Mw ¼
210000; chitosan 100, Mw ¼ 1310000; chitosan 500, Mw ¼

1580000; chitosan 1000, Mw ¼ 1800000) were purchased from
Wako Pure Chemical Ind., Japan. The viscosity average molecular
weights of the chitosans are in the 210000–1800000 range, based
on the viscosity equation.14 Double-stranded DNA (DSDNA) (Na
salt from salmon milt; Mw ¼ 6600000) and single-stranded DNA
(SSDNA) (Na salt from salmon milt; Mw ¼ 1000000) were ob-
tained from Yuki Fine Chemical Co., Ltd., Japan. These chitosans
and DNAs were used without further purification. A 1% DSDNA
solution was degassed before use.

Preparation of DNA Fiber. Based on earlier articles,15,16

DSDNA fiber was prepared in a precipitating liquid (73% ethyl al-
cohol containing 0.4 M NaCl). This method, however, was not ap-
propriate for the DSDNA used here, due to the difference in the
kinds or molecular weights of the DNA. Therefore, we prepared
the DSDNA fiber by a modified method, in which a 1% DSDNA
solution in 0.4 M NaCl was pushed onto a Teflon board immersed
in the precipitating liquid (73% ethyl alcohol containing 0.4 M
NaCl) using a syringe with a 0.9 mm diameter needle. The fiber
was then soaked in 73% ethyl alcohol without NaCl. After drying
it in a desiccator with a few grams of silica gel, a DSDNA fiber
was obtained.

Preparation of PIC Fibers and Capsules. The chitosan sam-
ples were dissolved in 0.15 M acetic acid. DSDNA was dissolved
in 0 (distilled water), 0.001, 0.01, 0.1, and 0.4 M NaCl solutions,
and SSDNA in the 0 (distilled water) and 0.1 M NaCl solutions.
When DSDNA solutions are added to the chitosan solutions and
the interfaces are withdrawn, long fiber lines form at the interfaces
in the wet states. Wet reactive spinning in water can be done using
a roll-up apparatus after being dehydrated in ethyl alcohol (Fig. 1).
SS- and DSDNA PIC capsules were prepared using a similar
method reported in our earlier articles.10,11

Characterization of Fibers. The sodium contents were meas-
ured using an atomic absorption spectrophotometer (Shimadzu
AA-6200). Scanning electron microscopy (SEM) was performed
using a Hitachi S-5000 microscope to observe the surfaces of
the fibers (accelerating voltage, 1.5 kV). The diameters of the
fibers were measured both by an optical microscope and SEM.
The stress/strain curves of a single thread of the fibers were meas-
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ured using a Tensilon (STA-1150, Orientec Co.). The initial gauge
length was 20 mm, and the drawing speed was 20 mm/min. The
average stress/strain curves were determined from 10 independent
measurements.

Results and Discussion

DSDNA–Chitosan PIC Fibers. When an aqueous
DSDNA solution was carefully added to aqueous chitosan
10–1000 solutions at pH 5 and room temperature without mix-
ing, a film of PIC was formed at the interface. When this PIC
film was withdrawn from the interface, a fiber line formed in
the wet state. The spinnable conditions are listed in Table 1.
The chitosan with a low molecular weight (chitosan 10) had
a better spinnability than those with higher molecular weights.
DSDNA–chitosan PIC fiber made under optimal conditions,
i.e., the concentrations of DSDNA were 0.5–1 wt % and those
of chitosan 10 were 1–2 wt %, could be continuously spun.
Subsequent experiments were carried out under the 1 wt %
DSDNA and 2 wt % chitosan 10 condition. After the intact
wet fiber was dried in air after being dehydrated in ethyl alco-
hol, a strong fiber formed as a monofilament (Fig. 1). This fiber
had a kind of double counter ion structure; that is, the outside
layer was chitosan and the inside layer was DSDNA. Thus, as
reported in our earlier articles,12 a water-insoluble DSDNA
PIC fiber with a strong tensile strength was created by a coun-
ter-charged self-assembly. The stoichiometrical amounts be-
tween DNA and chitosan in the DSDNA–chitosan fibers were
determined in hydrochloric acid according to an earlier re-
port.17 The DNA amounts in the DSDNA–chitosan fibers were
87:13 (%) in 0–0.001 M NaCl, 85:15 (%) in 0.1 M NaCl, 82:18
(%) in 0.4 M NaCl, and 79:21 (%) in 0.6 M NaCl (not shown),
respectively. At least 13% chitosan is sufficient to create
DNA–chitosan fibers.

The sodium contents in the DNA–chitosan PIC fibers were

determined by atomic absorption spectrometry. The starting
DSDNA contained 7.00% sodium (theoretically 6.93%), which
means that stoichiometrical electrostatic ionic salts exist be-
tween anionic phosphate groups and counter cation Naþ.
The PIC fibers contained sodium in the range of 5.76% (pre-
pared in 0–0.001 M NaCl), 6.00% (in 0.1 M NaCl), and
6.02% (in 0.4 M NaCl) (refer DSDNA contents in the PIC fi-
bers). From these sodium contents, the electrostatic interaction
between anionic DNA and cationic chitosan was fundamental-
ly little influenced by the presence of NaCl. However, small
amounts of NaCl were contained in the PIC fibers.

Stress/strain curves of the PIC fibers are shown in Fig. 2.
When a DSDNA solution was pushed onto a Teflon board in
73% ethyl alcohol containing 0.4 M NaCl, a ribbon-like fiber
was obtained after slow drying. This DSDNA fiber was used
for a comparison with the DSDNA–chitosan PIC fiber newly
prepared in the present study. In this DSDNA fiber, the ribbon
width was not constant, and was easily soluble in water. The

Fig. 1. Photograph of DSDNA (in distilled water)–chitosan
polyion complex (PIC) fiber.

Table 1. Spinning Conditions for DSDNA–Chitosan PIC Fiber Productiona)

Chitosan

10 100 500 1000

DSDNA 1b) 2 0.5 1 2 0.5 1 0.1 0.5 1

0.5b) c) � � � � �
1 � �
a) The DSDNA solutions were added into the chitosan solutions. b) Concentration of solutions,
wt %. c) Symbols; , good spinnability; , spinnable; , spinnable, but short; �, not spinnable.
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Fig. 2. Stress/strain curves of the DSDNA–chitosan PIC fi-
bers, whose inside is DSDNA and whose outside is chito-
san. A, DSDNA in 0 M NaCl solution (distilled water)
(S.D. �15 MPa); B, 0.001 M NaCl (S.D. �14 MPa); C,
0.01 M NaCl (S.D. �8:8 MPa); D, 0.1 M NaCl (S.D.
�6:9 MPa); E, 0.4 M NaCl (S.D. �6:7 MPa); F, DSDNA
fiber in distilled water (S.D. �6:0 MPa).
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DSDNA fiber showed a 34 MPa tensile strength and 6% strain
(broken line in Fig. 2F). The DSDNA (0 M NaCl, in distilled
water)–chitosan PIC fiber was the strongest fiber, having an 84
MPa tensile strength and 7% strain. This PIC fiber was strong-
er than the DSDNA fiber, which had a 34 MPa tensile strength
and 6% strain (broken line in Fig. 2F). DSDNA (in 0.001, 0.01,

0.1, and 0.4 M NaCl solutions)–chitosan PIC fibers had 61, 55,
50, and 35 MPa tensile strengths and 6, 8, 11, and 34% strains,
respectively. As the concentration of the NaCl in the DSDNA
solutions increased, the tensile strengths decreased and the
strains increased, compared with the DSDNA (in 0 M
NaCl)–chitosan fiber. The tensile strengths of the PIC fibers
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Fig. 3. SEM images of DSDNA–chitosan PIC fibers. On left side, magnification �1000; on right side, �2500: A, DSDNA in 0 M
NaCl solution (distilled water); B, 0.001 M NaCl; C, 0.1 M NaCl; D, 0.4 M NaCl.
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depend on the concentration of NaCl. As described in a quan-
titative Na analysis, a little NaCl was contained in the PIC fi-
bers. Since Na cations interact with the anions of the phospho-
ryl moieties of DSDNA, when NaCl was added, some cations
of chitosan had no interaction with the DSDNA. Therefore, the
number of electrostatic interactions between the anionic DNA
and cationic chitosan decreased and the tensile strengths of the
formed PIC fibers decreased, while the strains of the fibers in-
creased after the yield points. This suggests that an excess of
chitosan may be formed in the DSDNA backbone. SEM im-
ages of the PIC fibers are shown in Fig. 3. The diameters of
the DSDNA–chitosan fibers were in the 70–120 micron range,
and the fibril structures of the all fibers were aligned (Figs. 3A
to D). Wrinkles in the fibrils were observed with an increase in

the concentration of the NaCl. This SEM image well supports
the above strain results in Fig. 2, together with the excess of
chitosan explanation given above.

SSDNA–Chitosan PIC Fibers. SSDNA–chitosan PIC fi-
bers were created by the same method as described for the
preparation of the DSDNA PIC fiber using a roll-up apparatus.
The SSDNA–chitosan PIC fibers, whose inside is chitosan and
whose outside is SSDNA, can be made by adding an aqueous
chitosan solution to an aqueous SSDNA solution. Stress/strain
curves of the SSDNA–chitosan PIC fibers are shown in Fig. 4.
The stress and the strain of the PIC fibers decreased more than
those of the DSDNA–chitosan fibers, exhibiting 11 MPa and
1.2% (at 2.5 wt % SSDNA in distilled water; Fig. 4A) and
8.3 MPa and 1% (at 5 wt % SSDNA in distilled water;
Fig. 4B), respectively. When SSDNA was dissolved at 5 wt
% in a 0.1 M NaCl solution, the stress and the strain of the
PIC fiber created by the same method were 5 MPa and 1%.
These results suggested that, like the DSDNA and chitosan in-
teraction in the NaCl solution (Fig. 2), the interaction numbers
of the SSDNA and chitosan decreased with the addition of
NaCl. Since the strain values of the SSDNA–chitosan PIC fi-
bers were low (1–1.2%), the effect of NaCl is not clear.

DNA PIC Capsules. Chitosan 1000 was dissolved at 1 wt
% in 0.15 M (AcOH). DSDNA was dissolved at 0.5 wt % in
distilled water. The chitosan solution was dropped into the
DSDNA solution through a syringe and gently stirred. PIC
capsules having spherical shapes were immediately formed af-
ter this dropwise addition; after a 30-min reaction, the capsules
were transferred to distilled water, and washed for a few
seconds (Fig. 5A). Capsules, whose inside was chitosan and
whose outside was DSDNA, were formed. The diameters of
the capsules were variable by using syringes having various di-
ameters for controlling the size of the droplets. The use of a
syringe with a needle internal diameter of 0.8 mm produced
capsules having a diameter of approximately 6.0 mm. The cap-
sule swelled to a diameter of 10.6 mm after being immersed
for 2 h in distilled water. When immersed in a NaCl solution,
the degree of swelling of the DSDNA–chitosan PIC capsule
decreased. As an example, for the PIC capsule immersed in
a 1 M NaCl solution for 24 h, the diameter of capsule was
7.3 mm. When the NaCl concentration was over 1.3 M, the
capsule became turbid.
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Fig. 4. Stress/strain curves of the SSDNA–chitosan PIC fi-
bers, whose inside is chitosan and whose outside is
SSDNA. A, 2.5 wt % SSDNA in 0 M NaCl (S.D. �3:0
MPa); B, 5 wt % SSDNA in 0 M NaCl (S.D. �3:1
MPa); C, 5 wt % SSDNA in 0.1 M NaCl (S.D. �1:8MPa).

Fig. 5. Photographs of SS- and DSDNA–chitosan PIC capsules. A, DSDNA–chirosan; B, SSDNA–chitosan.
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Spherical capsules were obtained starting from SSDNA and
chitosan 1000 using the same method. First SSDNA was dis-
solved at 5 wt % in distilled water, and then a chitosan 1000
solution at 1 wt % in 0.15 M AcOH was added dropwise into
the SSDNA solution. The capsules had a diameter of approx-
imately 4.5 mm (Fig. 5B). They swelled to 9.3 mm after being
immersed for 2 h in distilled water. The SSDNA capsule was
turbid when immersed in a NaCl solution at over 1 M.

Thus, strong fibers and stable capsules could be prepared via
this PIC between SS- and DSDNA and chitosan. Although
DNA–chitosan PIC fiber could be constantly prepared, the re-
producibility of the stress/strain curve measurements gave a
rather wide variation. The results themselves are scientifically
interesting, and might offer additional knowledge toward un-
derstanding the biological counter-ion interaction, which un-
doubtedly includes the charged nucleic acid and/or polysac-
charides interaction process, together with biodegradation by
microorganisms and enzymes18 involved in keeping both the
land and sea ecology clean.

Since Watson and Crick found the double helical structure
of DNA in 1953, DNA investigations and material science be-
came active, starting from genetic life science to biomacromo-
lecule material development, together with genetic engineer-
ing. During this time period, for a waste material utilizing pur-
pose, DNA as an intercalator has been studied to remove some
heavy metals.19 Most recently, monolayer DNA and bilayer
DNA–chitosan hybrid materials have been investigated as nov-
el molecular devices4 and as a bi-functional biomedical adhe-
sive.20

In our PIC hybrid material science studies, we first created
fibers between SS- and DSDNA and chitosan. We can prepare
a rigid and strong fiber and/or an elastic PIC fiber by control-
ling the NaCl concentration that dissolves the DNA molecules.
We also created stable true spherical capsules between SS- and
DSDNA and chitosan. These findings may also have the pros-
pect of developing new biomimetic materials under aqueous
circumstances. In addition, the applications toward the materi-
al science of wastes, such as DNA and chitosan, have a possi-
bility for developments in environmental, medical, and fiber
fields.

This work was supported by Grant-in-Aid for Scientific
Research (No. 13555178) by the Ministry of Education,
Culture, Sports, Science and Technology.
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