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ABSTRACT:
tic application. Various DNA-chitosan bilayer membranes were prepared by applying chitosan solution (2.0 mg cni2)
on UV-irradiated DNA membranes (0.2-0.5 mg cm™2). Tensile strengths of the DNA-chitosan bilayer membranes were
approximately 4.0 N similar to that of chitosan alone membrane 2.0 mg cm™2. These results indicate that the bilayer mem-

DNA-chitosan bilayer membranes were designed and prepared as a biomedical adhesive for therapeu-

branes have enough tensile strength as a surgical tape. When the surface of the DNA-chitosan membranes was analyzed
using a scanning electron microscope (SEM), fiber-like structure was observed on the DNA-side of the DNA-chitosan
membranes, prepared from more than 0.3 mg cm™2 of UV-irradiated DNA membranes. In contrast, the chitosan-side of
the DNA-chitosan membranes showed a smooth surface similar to that of the chitosan alone membrane. These results
indicated that a DNA-chitosan bilayer membrane was successfully prepared using UV-irradiated DNA membranes (0.3—
0.5 mg cm™2) and chitosan (2.0 mg cm™2). Next, we observed bonding strength of the membranes to rabbit peritoneum.
The bonding strength of the chitosan-side was similar to that of fibrin glue. On the other hand, DNA side of bilayer
membrane did not adhere to the peritoneum. The DNA-chitosan membrane is bi-functional and has a potential to serve

as a bi-functional bio-adhesive.
KEY WORDS

Chitin is a mucopolysaccharide composed of N-
acetyl-D-glucosamine by S(1—4) glycoside linkage
and presents in the nature as outside skeleton of crus-
taceans, cell wall of bacteria, and insects.! Chitosan,
deacetylated chitin, has diverse specific functions in-
cluding wound healing, hemostasis and antibiosis?>™*
Chitosan is biodegradable and non-toxic>-® Therefore,
chitosan has been used as medical materials?’

DNA, one of the most important materials for life
processes, can be regarded as a naturally occurring
and highly specific functional biopolymer. Previously,
we have described a preparation of water-insoluble
DNA membrane by UV-irradiation. The UV-irradiated
DNA film was resistant to nuclease and biochemically
stable.® The UV-irradiated DNA retained the double
stranded structure and the DNA specific properties®
Additionally, the UV-irradiated DNA membrane accu-
mulated DNA-intercalating compounds and endocrine
disruptors with planar structures, such as ethidium bro-
mide, dibenzo-p-dioxin, dibenzofuran, biphenyl, and
benzo[a]pyrene.’

Medical adhesives are used for tissue adhesion,
hemostasis, sealing of leakage of air, and body flu-
ids surgical procedures. Various biomedical adhesives,
such as cyanoacrylate polymer, fibrin glue, chemically

DNA / Chitosan / Polyion / Complex / Bilayer Membrane / Bio-adhesive /

crosslinkable gelatin, and photo-crosslinkable chitosan,
have been developed.!”!! Cyanoacrylate polymer has
connected the organs by the strong adhesion on wet
surface of tissue, however, it has serious drawbacks to
be obstructive the progress of wound healing by hard
solid and also to produce formaldehyde by degradation
of cyanoacrylate.'> '3 Although fibrin glue using blood
coagulation systems containing fibrinogen, thrombin,
factor XIII, and protease inhibitor, has been attracted as
a friendly suture material for body, it has been reported
on risky infection, because it originated from the blood
of human and cattle.!4~!7

It was reported that the chitosan membrane adheres
to tissue.!® 2% The chitosan membrane may be used as
the tape adhering to tissue at surgical operation. How-
ever, when the chitosan membrane is used as a surgical
tape adhering to tissue, it causes adhesion to not only
the wounded part but also to other side. As a result, the
chitosan membrane would unstick wounded part, and
then mutual conglutination of the wounded part would
occur.

Here, we designed and prepared a bilayer membrane
using chitosan and DNA to develop a bi-functional bio-
medical material. The physical properties including bi-
layer structure and strength were also evaluated.

"To whom correspondence should be addressed(Phone/FAX: +81-11-706-2256, E-mail: nishin@ees.hokudai.ac.jp).
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EXPERIMENTAL PROCEDURES

Materials

Double stranded DNA (Na salt from salmon sperm,
M,, = 5x10° ~) was purchased form Yuki Fine Chem-
ical Co. Ltd, Tokyo, Japan. Fibrin glue (Beriplast®)
was purchased from Aventis Pharma Ltd, Tokyo, Japan,
and used as a control. The chitosan 62 (62% degree
of deacetylation, M, = 1.1 x 10°) was purchased form
Fuji Spinning Co., Ltd. Tokyo, Japan?! Commer-
cial chitosans [chitosan 7B (70% degree of deacety-
lation) and chitosan 100 (80% degree of deacetyla-
tion)] purchased from Funakoshi Co. Ltd., Tokyo,
Japan and Wako Pure Chemical Industries, Ltd. Osaka,
Japan were also used. The Viscosity-average molecu-
lar weights of chitosans are in the M, = 2.9 X 10° and
6.3 x10°.2! All reagents were purchased from Wako
Pure Chemical Industries, Ltd., Osaka, Japan.

Preparation of Chitosan Membrane

Various amounts of chitosan 4% acetic acid so-
lution (10 mgmL~', 4.0-24mL) was applied onto a
Teflon® plate (6x 13cm?) and dried overnight at
room temperature. The resulting chitosan membrane
(0.5-3.0 mg cm™2) was rinsed with 0.5 M NaOH-80%
methanol solution and methanol (2 times), and then
dried in vacuum desiccator.

Preparation of DNA-chitosan Bilayer Membrane

Various amounts of DNA aqueous solution
(5mgmL~!, 3.1-7.8 mL) were applied onto a glass
plate (6 x 13 cm?) and dried overnight at room tempe-
rature. The DNA membrane was insolubilized by UV
irradiation of 254 nm with 5600 uW cm™2 for 6 h as de-
scribed previously® A chitosan solution (10 mgmL™!,
15mL) was applied onto the UV-irradiated DNA
membrane (6 13 cm?) and dried overnight at room
temperature. The resulting DNA-chitosan membrane
was stripped from the glass plate by immersion to
ethanol and rinsed with 0.5 M NaOH-80% methanol
solution and methanol. Then, the membrane was dried
in vacuum desiccator.

Tensile Properties of Membranes

Membranes were cut into 5 x 1 cm? and were swollen
with saline. Tensile strength was measured using a ten-
sile machine (EZ-Test, Shimadzu Co., Kyoto, Japan)
at separation rate of 10 mmmin~!. The tensile strength
was expressed by an average of six measurements, with
a standard deviation of the mean (S.D.).
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Amount of DNA in the Bilayer Membranes

DNA-chitosan membrane (1 x 1 cm?) was incubated
with water for 24 h and gently washed with water (2
times). Then the membrane was hydrolyzed with 1 M
HCI solution (1 mL) at 100°C for 1 h and the amount
of DNA was determined from the UV absorbance
(260 nm) of the solution.?? UV absorbance of solution
was measured using a UV-Vis spectrophotometer (U-
2000A, Hitachi Co., Ltd., Tokyo, Japan).

SEM Analysis of Membranes

DNA, chitosan, and DNA-chitosan membranes were
incubated with water for 24h and freeze-dried. The
dried membranes were coated with gold at 8mA,
1200 V for 45 min using ion sputter (JFC-1100, JOEL
Ltd. Tokyo, Japan). Then surface and cross-section of
the membranes were observed using a scanning elec-
tron microscope (SEM) at 8.0 kV (S-2400, Hitachi Co.,
Ltd., Tokyo, Japan).

Swelling Ratio of Membranes

The membranes were dried under vacuum and
their dry weights were measured (approximately
2.07+0.73mg, 1 x1cm?). The dry membranes were
immersed again in ultra pure water at 25°C for vari-
ous times and wiped with Kimwipe®, then their wet
weights were measured. Swelling ratio of membranes
was calculated from the following equation (eq 1). The
swelling ratio was expressed by an average of three
measurements, with a S.D. of the mean.

Swelling ratio(wt %)
= [(wet weight — dry weight)/dry weight]
x 100 ()

Bonding Strength of the DNA-Chitosan Membrane to
Rabbit Peritoneum

Rabbit peritoneum (buck Japanese white, weighting
2-2.5kg) was donated from Kuraray Co. Ltd., Osaka,
Japan. Fresh rabbit peritoneum was stocked at —20°C.
Thawed rabbit peritoneum (3 X 1 cm) was immersed in
saline. A dry membrane (3 X 1 cm) was placed on the
peritoneum with a bonding area of 1x1cm. After
2 min, bonding strength was measured using a tensile
machine (Autograph; Shimadzu Inc., Kyoto, Japan) at
a separation rate of 10 mmmin~'. The bonding strength
was expressed by an average of five measurements,
with a S.D. of the mean.

Ethidium Bromide Staining of Membranes
The chitosan and DNA-chitosan membranes
(1 x 1cm?) were immersed in ultra pure water at room
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Figure 1. Tensile strength of chitosan membranes. Various chi-
tosan membranes (0.5-3.0 mgcm™2) were swollen with saline and
the tensile strength was measured. The tensile strength was ex-
pressed by an average of 6 measurements (means + S.D.).

temperature for 24 h and incubated with ethidium bro-
mide solution (20 ug mL™"). After 24 h, the membranes
were removed from staining solution and washed with
ultra pure water, then the membranes were observed
under UV illumination. The DNA-chitosan mem-
branes were observed fluorescence from UV-irradiated
(366 nm) membranes.

RESULTS AND DISCUSSION

Various chitosan membranes (0.5-3.0 mgcm™2)
were prepared and their tensile strengths were deter-
mined to optimize chitosan amount for the bilayer
membrane (Figure 1). When the amount of chi-
tosan was increased from 0.5 to 3.0mgcm™ the ten-
sile strength increased. Previously, more than 3.0N
of tensile strength was suggested to be required for
a membrane to use as a surgical tape. The tensile
strength of more than 2.0 mg cm™2 chitosan membranes
showed higher than 3.0 N indicating to have a potential
to use for a surgical tape.'® Based on the results, we
used 2.0 mg cm~2 chitosan membrane for further exper-
iments.

Chitosan solution (10mgmL~!, 4.0-24mL) was
casted on various amounts of UV-irradiated DNA
membranes (6 x 13 cm?) and prepared DNA-chitosan
bilayer membranes. = When amounts of DNA ap-
plied for preparation of membranes increased (0.2—
0.5 mgcm™2), the DNA contents of the bilayer mem-
branes slightly increased (0.1-0.15mgem™2) (Fig-
ure 2). Thus, the amounts of DNA in DNA-chitosan
membrane can be controlled but the efficiency was low.
The low efficiency of insolubilized DNA amount may
be due to the low degree of cross-linking by the UV-
irradiation treatment.

We also determined tensile strength of the DNA-
chitosan bilayer membranes (Figure 3).  Tensile
strength of the all DNA-chitosan bilayer membranes
was approximately 4.0 N similar to that of 2.0 mg cm™>
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Figure 2. Amount of DNA in DNA-chitosan membranes.
DNA-chitosan membrane was incubated with water for 24 h and
gently washed with water. Then the membrane was hydrolyzed
with 1M HCI at 100°C for 1h. The absorbance of the solution
at 260 nm was measured and amount of DNA was determined.
The experiments were expressed by an average of 3 measurements
(means + S.D.).
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Figure 3. Tensile strength of DNA-chitosan membranes.
DNA-chitosan membranes (2.0 mg cm™ of chitosan) were swollen
with saline and the tensile strength was measured. The tensile

strength was expressed by an average of 6 measurements (means
+ S.D.).

chitosan membrane. These results indicate that the
DNA does not significantly affect on the tensile
strength of the bilayer membranes. Furthermore, DNA-
chitosan mixed membrane was similarly prepared from
mixture of DNA and chitosan solution. Tensile strength
of DNA-chitosan mixed membrane was lower and frag-
ile (data not shown). The DNA-chitosan bilayer mem-
branes were suggested to have enough tensile strength
as a surgical tape.'?

Next, we observed the surface of the DNA-chitosan
membranes using a SEM (Figure 4). The UV-irradiated
DNA membrane showed fiber-like surface structure
(Figure 4 Va and Vb). Fiber-like structure was ob-
served on the DNA-side of the DNA-chitosan mem-
branes, when more than 0.3 mgcm™ of UV-irradiated
DNA was used (Figure 4 II-IV). While, when the
DNA-chitosan membrane was prepared using less than
0.3 mgcm™2 of DNA membranes, the fiber-like struc-
ture was not observed on the DNA-side (Figure 4 Ia and
Ib). In contrast, chitosan membrane showed a smooth
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Figure 4. SEM image of DNA-chitosan, UV-irradiated DNA,
and chitosan membranes. Amount of DNA, I: 0.2mgem™2, II:
0.3mgem2, 1II: 0.4mgcem™2, IV: 0.5mgem™2. V: UV-irradiated
DNA membrane, VI: chitosan-side of DNA-chitosan membrane
(DNA: 0.4 mgcm™2), VII: chitosan membrane. a: low magnifica-
tion (x 300), b: high magnification (x 1,500).
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Figure 5. SEM image of a cross-section of DNA-chitosan
bilayer membranes. Amount of DNA, I: 02mgem™2, II:
0.3mgem™2, III: 0.4mgem™2, IV: 0.5mgem™2 (x 1,500). DNA
layers are indicated by a broken line circle.

surface structure (Figure 4 VIla). The chitosan-side
of all the DNA-chitosan membranes showed a smooth
surface structure similar to that of chitosan membrane
(Figure 4 VIa). We also observed the cross-section
of the bilayer membranes (Figure 5). Fiber-like struc-
ture was clearly observed on the DNA-side of the bi-
layer membranes prepared from more than 0.3 mg cm™2
of UV-irradiated DNA. Although amounts of DNA of
the bilayer membranes increased (0.2—0.5 mgcm™2) in
Figure 2., the thickness of the fiber-like DNA was
not significantly increased (Figure 5 broken line cir-
cle). These results indicated that a DNA-chitosan bi-
layer membrane was successfully prepared using UV-
irradiated DNA membranes (0.3—0.5 mg cm™2) and chi-
tosan (2.0 mgcm™2), and also consisted of DNA and
chitosan surfaces.

We determined swelling ratio of DNA-chitosan
membrane (Figure 6). All membranes swelled quickly
in water. Swelling ratios of all the membranes reached
to a constant value after 1 min and did not change after
24 h. The swelling ratio of DNA-chitosan membrane
was lower than that of chitosan membrane. These re-
sults indicate that chitosan-side of DNA-chitosan mem-
brane may be quickly adhered to tissue, since the
chitosan-side of membrane rapidly absorbs water on the
organ.

Next, we tested, the bonding strength of the mem-
branes to rabbit peritoneum (Table I). Chitosan 80
membrane adhered to rabbit peritoneum with a bonding
strength of 0.46 +0.23 Ncm™2. The bonding strength
of the chitosan-side of the bilayer membranes increased
(0.06 +£0.03—0.47 +0.14Ncm™) when deacetylation
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Table 1. Bonding strength of the DNA-chitosan membrane to rabbit peritoneum

Chitosan-side adhesion = DNA-side adhesion

a
Sample Ncm™ Ncm™
DNA-chitosan 62 membrane 0.06 +£0.03 0.05+0.03
DNA-chitosan 70 membrane 0.32 +£0.07 0.09 £0.06
DNA-chitosan 80 membrane 0.47+0.14 0.11+0.03
Chitosan 80 membrane 0.46 +0.23
" Fibringlee 053+006

Bonding strength (N cm™2) were expressed by an average of 5 measure-
ments (means + S.D.). *Number indicates deacetylation degree of chitosan.
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Figure 6. Swelling ratio of membranes. The membranes were
dried under vacuum and the dry weight was measured. After im-
mersing in ultra pure water, wet weight was measured. Swelling ra-
tio of the membranes was calculated from the equation (a). Amount
of DNA, (I): 0.3mgem™2, (II): 0.4 mgcm™2, (III) chitosan mem-
brane. The swelling ratio was expressed by an average of 3 mea-
surements (means + S.D.).

degree of chitosan increased (62—-80% deacetyla-
tion). The bonding strength of the chitosan-side
(0.47 £0.14Ncm™2) of DNA-chitosan 80 membrane
was comparable with that of the chitosan 80 mem-
brane (0.46 +0.23Ncm™2). The bonding strength of
the chitosan-side was similar to that of fibrin glue.
While, DNA side of the bilayer membranes did not ad-
here to the peritoneum. Chitosan is cationic and tis-
sues are usually anionic. The interactions between chi-
tosan and tissues seem to be mainly involved in elec-
trostatic attractions.?>2* In contrast, DNA is anionic
and may not adhere to anionic tissues. The surface
structure of the chitosan-side is smooth but the DNA-
side is fiber-like. The surface structure may also play
a critical role for the bonding strength. The bonding
strength of the chitosan-side was found to be depending
on the deacetylation degree. Highly deacetylated chi-
tosans may have higher bonding strengths. However,
more than 80%-deacetylated chitosan may show toxic-
ity.2® For this reason, we used 80% deacetylated chi-
tosan in this study. Taken together, the DNA-chitosan
80 membrane is suggested to have a potential to serve
as a bi-functional bio-adhesive.

Here, we designed a bilayer membrane consist-
ing of chitosan and DNA (Figure 7). The DNA-
chitosan bilayer membranes consisting of DNA- and
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Figure 7. Model of DNA-chitosan bilayer membrane as a bi-
functional biomedical adhesive. The chitosan-side of the bilayer
membrane could strongly adhere to tissues and may promote wound
healing. The DNA-side may not attach to tissues and eliminate non-
specific adhesions.

chitosan- surfaces were successfully prepared using
UV-irradiated DNA membranes (0.3-0.5 mg cm™2) and
chitosan (2.0 mg cm™2). Chitosan membrane adheres to
tissues.?*2* Chitosan is cationic and tissues are usually
anionic. The interactions between chitosan and tissues
seem to be mainly involved in electrostatic attractions.
In contrast, DNA is anionic and may not adhere to an-
ionic tissues. The chitosan-side of the bilayer mem-
brane could strongly adhere to tissues and may pro-
mote wound healing.” The DNA-side may not attach
to tissues. If the bilayer membrane is applied to the
intraperitoneal adhesion, the chitosan-side adheres tis-
sues and the DNA-side eliminates non-specific adhe-
sions. Additionally, the DNA layer retained the dou-
ble stranded structure. When the bilayer membrane
was incubated with ethidium bromide, the DNA-side
was stained with ethidium bromide but the chitosan-
side was not (Figure 8). These results indicate that the
DNA-side of the DNA-chitosan bilayer membranes re-
tain the double stranded structure. The specific prop-
erty of DNA of the bilayer membrane can be used as
a drug carrier or reservoir. The DNA-chitosan bilayer
membrane has various advantageous and a potential to
serve as a bi-functional bio-adhesive for therapeutic ap-
plication.
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Figure 8. Ethidium bromide staining of chitosan membrane
and DNA-chitosan membrane. The membranes (1 x 1 cm?) were
immersed in ultra pure water and stained by ethidium bromide
(20 ugmL™") for 24 h. The membranes were observed under UV
illumination. (I) The chitosan alone membrane. (II) The DNA-side
of the DNA-chitosan membrane. The DNA-side was stained with
ethidium bromide but chitosan-side was not.
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