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increase decreases as the cross-linking of the collagen gels is
proceeded. When assessing the suppression of cell adhesion
in terms of intra- and interhelical cross-links, we observed
that higher suppression was considerably higher in gels
with intra- and interhelical cross-link. MtC-1 gel displayed
cell adhesivity that was similar to that of the G-gel.
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Cell morphology observed using SEM (Fig. 8) demon-
strated that the L929 cells were deformed on the non-MPC
surface. On the other hand, the cells remained intact
(round) on the CoPho gel surface. An increase in the
density of the MPC head group resulted in a decrease in the
distribution of L929 cells.
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Fig. 9 illustrates the viability of the 1929 cells after
48 h. It reveals that cell viability ranges from 96% to
115% (TCPS as 100%) [20]. Cell viability was approxi-
mately 70% for the glutaraldehyde cross-linked collagen
gel. Immobilization of PMA did not induce any toxicity.

iESs=
N \\

O 1 T T 1 T T T T

0 10 20 30 40 50 60 70
Time (hours)

Remainign weight (%)

Fig. 5. Degradation of collagen gels by collagenase in Tris-HCI buffer
(pH 7.4) at 37°C. (W) Uc gel, (®) MiC-0 gel, (A) MdC-0 gel, (V) MiC-0
gel, (O) EN gel, (O) MiC-1 gel, (A) MdC-1 gel, (V) MtC-1 gel, and (<)
G-gel. Closed symbols indicate gels without interhelical cross-links while
open symbols indicate gels with interhelical cross-links. Each value
represents the mean+SD (n = 5).

4. Discussion
4.1. Physical properties of the EN and CoPho gels

The collagen gel that was prepared from a 2wt%
aqueous collagen solution differed from that prepared
from a 0.5wt% collagen solution [11]. A considerably
thicker film was obtained (~ 50 um), and this film displayed
tougher mechanical strength, suppressed swelling, and it
slowed collagenase degradation. However, thermodynamic
conditions such as shrinkage temperature remained un-
altered.

XPS signals displayed a phosphorus peak and a nitrogen
peak [N (CH,);] at 134 and 403.2eV, respectively; this
indicates that PMA was effectively adopted [10,11]. This
implies that PMA was successfully immobilized on the
surface of the collagen gels. The phosphorus concentration
would increase when the MPC is immobilized on the
collagen, but did not increase significantly for MtC gels
(Table 2). This implies that the immobilization would not
occur when the PMA is immobilized for the third time. The
increase in the density of the PMA chains is interfering
further immobilization process. This can be supplemented
by SCA result. The phospholipid head groups on the
surface of the collagen gel decreased in the SCA, implying
that the surface of the CoPho gel was acquiring a
hydrophilic nature (Fig. 2). The hydrophilicty of the
CoPho gel was due to the MPC head group, which was
located on the surface [18]. The hydrophilic nature of the
MPC polymer is thought to be one factor that can suppress
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Fig. 8. SEM images of adhered fibroblast cells on respective collagen gels after 48 h of incubation. (a) Uc gel, (b) EN gel, (c) G-gel, (d) MiC-0, (¢) MdC-0,
(N MtC-0, (g) MiC-1, (h) MdC-1, and (i) MtC-1 gel. SEM images in the large [rame are shown at a magnification of x 150 and the small frame at a

magnification of x 1000.

the protein adsorption. It is because the wet condition of
the surface is inducing the increase in the mobility of the
MPC polymer head group. SCA further decreases as a
result of the re-immobilization process, indicating an
increase in the density of phospholipid head groups on
the surface of the CoPho gels. However, third immobiliza-
tion process did not decrease the contact angle further.
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Did the increase in PMA on the surface of the collagen
gel result in a change in the structure of the collagen gels as
indicated in Fig. 17 We attempted to characterize the
network structure by investigating the reacted amine group
content and the swelling ratio (Figs. 3 and 4). Cross-linking
collagen gels with EDC/NHS leads to a decrease in the
number of reacted amine groups because NH, from
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(hydroxy-)lysine residues is consumed on amide bond
formation and NH; is not formed [7,21]. However, the
percentage of the unreacted amine group content was
higher than the expected number. Approximately, 60% of
the NH, remained unreacted compared to Uc gel
Immobilization of PMA on the collagen gel consumed
approximately 40% of the amine groups. With regard to
PMA immobilization, it is believed that the amine groups
may be consumed only on the surface of the collagen gel
because PMA cannot penetrate the collagen a-helices [11].
The re-immobilization process decreases the reacted amine
group content by up to 40% of Uc gel; immobilization
process repeated three times, by up to 30% of Uc gel. The
increase in the phosphorus concentration and the decrease
in SCA were not observed, but the unreacted amine group
content decreased for MtC gels. This implies that the
immobilization is stopped, but few intra- and interhelical
cross-links have occurred. This decrease is considered high
when compared to that of G-gel, which demonstrates
approximately 15% of Uc gel. Since the immobilization
process occurs only on the surface of collagen gel, lowering
the free amine content any further was not possible.
An immobilization period of 48 h was the longest period of
immobilization that showed a decrease in the number
of unreacted amine group, and addition of a higher amount
of EDC, NHS, and PMA during the cross-linking process
did not cause a significant change in the reacted amine
group content (data not shown).

The EN gel is formed by intra- and interhelical cross-
links, whereas the CoPho gels are formed by a polymer-
helix network. The formation of the cross-link network

leads to a decrease in the swelling ratio. In a previous
study, we have mentioned that the swelling ratio of the
collagen gels is expected to decrease with the progress in
cross-linking {11]. The network formed by cross-linking
would be dense, and this renders water absorption difficult
for the gels. The swelling ratio under acidic and neutral
pH conditions varies due to the repulsion force amongst
the NH; and COO™ groups. The swelling ratio is higher
for collagen gels immersed in acidic pH condition because
they stabilize under neutral pH conditions. With regard
to collagen gels prepared with a 0.5 wt% collagen solution,
highly acidic pH conditions causes the uncross-linked
collagen gels to dissolve [11]; however, none of the collagen
gels used in this study dissolved because the o-helices
were packed more tightly and were stabilized during gel
preparation. Under neutral pH conditions, the collagen
film would stabilize by forming a lattice network of fibrils
comprising  hydrophobic and electrostatic  bonds
[11,22-24]; hence, the swelling ratio would be less than
that observed under acidic pH conditions. The difference in
the swelling ratio between the collagen gels with and
without inter- and intrahelical cross-links (under acidic pH
conditions) is approximately 20-50%. The reacted amine
group shows a difference of only 5-10% because stabiliza-
tion of a-helices by intra- and interhelical cross-links causes
a decrease in the swelling ratio. The consumption of
carboxyl groups and amine groups is eliminating the site
for the protein binding. Arg-Gly-Asp (RGD) site is
consumed for the immobilization process, which is making
the protein more difficult to adsorbed [25,26]. This would
be discussed in Section 4.2.
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Formation of a denser network leads to difficulties in
the degradation by collagenase (Fig. 5). Activation of
collagenase requires adsorption on the collagen gel surface
[11,27]. Subsequently, the collagenase penetrates the
collagen gel and begins to cleave the helices [28]. However,
a low swelling ratio does not permit collagenase absorption
by the CoPho gels. The degradation rate is considerably
slower due to an increase in PMA density. A high density
of phospholipid head groups is believed to prevent
collagenase adsorption on the surface. Eventually, the
CoPho gels would be more stable against collagenase.

4.2. Biological properties of EN and CoPho gels

As previously mentioned, the hydrophilicity of the
CoPho gel increases with immobilization of PMA due to
the presence of phospholipid head group on the CoPho gel.
High hydrophilicity is known to be one of the factors that
lead to difficulties in protein adsorption [29]. Increase in
the density of PMA results in a decrease in the adsorption
rate of fibrinogen (Fig. 6). This implies that the immobi-
lized MPC polymer leads to difficulties in the interaction of
proteins with the gel surface. In addition to this, the cross-
links also decrease protein adsorption. The e-amino groups
from (hydroxy-)lysine residues of collagen are blocked by
the cross-linking process [30]. Thus, it is believed that
hydrophilicity of the hybrid gel and the blocked e-amino
group renders it difficult for the hybrid gel surface to
adsorb fibrinogen. A similar phenomenon was observed
during the cell adhesion test (Fig. 7). We observed that
repeated immobilization of PMA suppressed cell adhesion.
Comparison of cell adhesion after 24- and 48-h cycles
revealed that the number of adhered cells in the case of the
Uc gel after 48 h cycle had increased by approximately 2
times; this rate of increase would decrease as collagen gels
more phospholipids is immobilized. Immobilization of
PMA did not induce any toxicity. Decrease in cell
attachment on CoPho gels was entirely attributable to
the surface property, i.e., the ability to regulate cell
adhesion and protein adsorption. These results indicate
that the immobilization of the PMA would induce almost
the same effect as that of G-gel but without toxicity. As
mentioned in Section 4.1, the formation of the cross-
linking is eliminating the site for the protein binding. Same
affect can be expected for the G-gels. Consumption of
RGD for the cross-linking is making the gels to resist
against protein adsorption and cell adhesion. Improper
cross-linking by glutaraldehyde would induce the high
protein adsorption [25]. However, in our case, G-gel
showed low protein adsorption and cell adhesion, indicat-
ing that the RGD is effectively cross-linked. The formation
of the cross-link is bringing the difficulty in the adsorption
of proteins.

When assessing suppression of cell adhesion in terms of
intra- and interhelical cross-links, we observed that
suppression was considerably higher in gels with intra-
and interhelical cross-links. The MtC-1 gel displayed cell
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adhesivity that was similar to that of the G-gel. This
implies that intra- and interhelical cross-links also con-
stitute an important parameter in suppression of cell
adhesion. This can be reaffirmed by the fact that the
number of cells adhered onto the EN gel is less than that in
the case of the Uc gel. Much higher affect can be seen for
G-gel, but we could not detect high suppression of cell
adhesion by EDC/NHS cross-link, indicating that the
functional groups still exist largely on the surface.
Comparing EN gel and MiC-0 gel, the reacted amine
group content is almost the same but the biological
property is different. This is due to the difference in the
surface property of the EN gel and MiC-0 gel. Investiga-
tion of cell morphology revealed that the L929 cells were
deformed on the non-MPC surface (Fig. 8). On the other
hand, the cells remained intact (round) on the surface of
the CoPho gels, indicating a weak interaction between cells
and the surface [19]. However, the adsorption of protein
and the adhesion of the cell were still higher compared to
other materials that used MPC polymer [18,31-33].
Ishihara et al. pointed out that 30 mol% of MPC polymer
is required for fibroblast suppression [29]. Repeated
immobilization increased the number of phosphorylcholine
moieties on the surface of collagen gel surface. However, it
is believed that the increase in the number of phospholipids
moieties is no longer possible, and no significant decrease
was observed in the amount of adsorbed fibrinogen and
adhered cells.

5. Conclusion

Repeated immobilization of PMA can increase its
immobilization rate, resulting in an increase in the number
of MPC head groups; hence, unreacted amine group
content and the swelling ratio decreased and the degrada-
tion by the collagenase was delayed. The cell morphology
remained round indicating a weak interaction between the
cells and the gel surface. Thus, the CoPho gel can be used
as an alternative collagen-based gel for an implantable
biomedical device. Furthermore, we expect that co-
immobilization with different polymer-possessing carboxyl
groups such as heparin is possible. In the near future,
we look forward to reporting on the use of the CoPho gel
in vivo.
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Scientifically Speaking

'Gene Transfection on Tissue Engineered Bone Decellurized
| by Ultra-High Hydrostatic Pressurization

- Introduction

. 'The development of scaffold, which contributes to adhesion and
* expansion of cells that can regenerate tissue lost to discase, is one
* of the key factors in tissue regencration. Many researchers have
 investigated polymeric scaffolds, such as poly(lactic acid) (1),
poly(glycolic acid) (2), hyaluronic acid (3), and collagen (4). It
"“has been reported that the shape and microscopic structure of

. these scaffolds, such as porous, fibrous, and gel, plays an
important role in tissue formation, as does the physical and
physicochemical nature of the scaffold (5). However, it is difficult
to obtain the same shape and structure as the biological tissue.
Therefore, there is an alternate approach for preparing scaffold

-~ that is similar to the natural scaffold that uses decellularized

i tissues from which the cells and antigen molecules have been
removed to diminish the host immune reaction. The

i decellularized scaffold is thought to have the same structure and
. composition as the natural tissue, and the regeneration within
the scaffold is expected to be regulated by donor cells.
Detergents, such as Triton® X=100 (6), sodium dodecyl sulfate -

(7), and sodium cholate (8), generally are used to remove the

donor cells and their components. The remainder of the

dctergcnts the residual cellular component in the scaffold, and
 the denaturing of tissue are reported to be important problems.
We have also reported on the development of tissue engineered
bone by novel physical decellularization process using ultra-high
pressure (UHP) technology without surfactant (9). This
decellularization method involves two processes. As a first step,
cells; bacteria, and viruses in the tissue are disrupted by ultra-
high pressurization. Subsequently, the residues of disrupted cells
are removed by washing (Figure 1).

Figure 1. Preparation procedure for decel/ularzzzng tissue using
 ultra-high pressure treatment.

_Recently, the focus has been the combination of tissue
engineering scaffold and gene therapy, which provide the
physical support for cell adhesion and cellular functioning by
delivering the gene (10). For in witro gene delivery, non-viral
vectors, such as cationic polymers, cationic lipids (11), and
calcium phosphate (12), have been used for stabilization of
DNA, resulting in effective gene transfection. On the other
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hand, when they are applied in a living body, their cytotoxicity
and low transfection efficiency likely will become considerable
problems. For bone regeneration, it is thought that calcium
phosphate, which is one component of bone, is suitable as a gene
carrier because it is able to form a co-precipitate with DNA for
gene transfection and to become bone by itself.

In this study, we demonstrated the preparation of decellularized
bone by pressurization and gene transfection to reseeded cells on
the decellularized bone with co-precipitates of calcium
phosphate with plasmid DNA in vizro.

Results

. Porcine bones (femur and costa) were cut and shaped and then
pressurized at 25°C and 10,000 atm (980 MPa) for 10 min .
(UHP treatment). After UHP treatment, they were washed by
culture medium containing DNase I at 37°C for 2 weeks.The
decellularization of bone was evaluated by hematxylin and eosin

" (H-E) staining. Figure 2 shows that the removal of cells in bone

_ and bone marrow of femur was completely achieved by UHP__
treatment. The porous structure of bone and the fibrous structure
of collagen, along with lipid droplets in bone marrow, were well
maintained. The decellularized costa also was prepared by UHP
treatment. MC3T3 cells (1x10° cells) were reseeded on the
decellularized bone in wirro. After cultivation for 3 days, the -

Figure 2. Hematoxylin eosin staining of (A) native cortical bone, (B)
native bone marrow, (C) decellularized cortical bone, and (D)
decellularized bone marrow by pressurization at 10,000 atm (980
MPa) for 10 min.
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adhesxon and extension of cells on the ‘surface of the decellularized
bone was observed at the outside and the inside of the bone under - - -

scanning electronic microscopy (SEM). The decellularized femur
was implanted subcutaneously in rats to investigate their
biocompatibility. After 2- and 4-weeks implantation, they were
explanted and subjected to histological study (H-E staining).
Light microscopic observation confirmed that a strong

inflammatory response was observed on native bone after 2 weeks.-

Fibrous encapsulation and gradual collapse of bone marrow

occurred after 4 weeks. On the other hand, very thin fibrous =~

encapsulhtion was observed around the decellularized femur. The

re-construction of tissue by infiltration of cells in decellularized

bone marrow also was observed after 4 weeks, snggeéting the
~capab1hty of the decellularized bone as a bio-scaffold: :
fPlasfnxd DNA encoding beta galact051tase gene under

- cytomegarovirus prometer (pCMV-beta: clonetech) was used.

A solution of pCMV-beta was mixed with CaCl, solution (21VI) .

and added to 2x HBS solution to form the co- prec1p1tate of
pCMV-beta and calcium phosphate. The decellularized bone-

was immersed in the mixture at 37°C for 30 min. MC3T3 cells
~(5%10* cells) were reseeded on the decellularized bone and
cultivated for 3 days. The gene transfection was evaluated by
X-gal staining. Without co-precipitation, there was no change in
cells reseeded on the decellularized bone with only DNA,’ .
- whereas blue-stained cells were-observed-on the decellularized-
bone with calcium/DNA co-precipitate: ((Figure 3), indicating
effective gene expression by the combination of the calcium
phosphate co-precipitate method and tissue engineered bone. -
'This result indicated that decellularized tissue was significantly
useful in the novel combination of the tlSSUC englneered scaffold
and gene delivery. '

Figure 3. X-gal staining of cells reseeded on decellularized costa with
calcium phosphate/DNA co-precipitate.

Conclusions :

Porcine bones (femur and costa) were decellularized successfully
using UHP and washing processes. The decellularized tissue
would be useful in bone tissue regeneration. The decellularized
bone also acted as a gene delivery/transfectioning matrice for the
cells incorporated to the bone. Combining a decellularized tissue
and gene delivery system is expected to be a useful technology
for regenerating tissue, not only bones but also other tissues, such
as blood vessels, skin, and heart muscles.
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ABSTRACT

In order to investigate the effect of pressure on the
tertiary structure of plasmid DNA having the super-
coiled and relaxed forms, the solution of plasmid DNA
was hydrostatically pressurized at different atmosphere
and 40°C for various times. For dymamic light
scattering (DLS) measurement of the pressurized
plasmid DNA, the hydrodynamic diameters of the
super-coiled and relaxed plasmid DNA were decreased
with increasing pressure. Also, at constant pressure, a
long peried of pressure treatment effectively induced
the decrease in plasmid DNA. These results suggest that
the plasmid DNA was condensed by high hydrostatic
pressurization. The circular dichroism (CD) spectrum
of the pressurized plasmid DNA was slightly changed.
For digestion by S1 nuclease, which selectively cleaves
single strand DNA, the pressurized plasmid DNA was
easily degraded compared to the nen-pressurized
plasmid DNA, suggesting that the double helix of
plasmid DNA was partly dissociated to single strand by
the pressure-induced compaction of plasmid DNA.
These results indicate that high hydrostatic
pressurization is one of powerful tools for preparing the
compacted plasmid DNA.

INTRODUCTION

Plasmid DNA was utilized for gene transfection into
mammalian cells in vitro and in vive [1-3]. Mainly, plasmid
DNA was condensed by various cationic compounds, such
as synthetic cationic polymers, peptides and lipids, which
can interact with plasmid DNA electrostatically, in order to
be stable for nuclease cleavage and to be effectively
delivered into cells [2, 3]. Although the transfection
efficiency of plasmid DNA was enhanced using these
methods in vitro, the cytotoxicity of them is one of
problems in vitro and in vivo. On the other hands, it was
reported that when plasmid DNA was directly injected into
muscle, liver, and hart in vivo [4-6], called as naked
plasmid DNA method, the transgene was transiently
expressed. Although this method is simple and safe, the
level of transgene expression resulting from such local
regional administration is relatively low and restricted to
the injection site due to its low stability. Therefore, for

safer, more stable and efficient gene delivery, it is
necessary to condense plasmid DNA with a less cationic
material or without one. In our previous study, it was
reported that nanoparticles of poly(vinyl alcohol) (PVA)
itself or its mixture with plasmid DNA were prepared via
hydrogen bonds by ultra-high hydrostatic pressurization, in
which the hydrogen bond is strengthen, and were delivered
into mammalian cells with low cytotoxicity [7].

In the present study, we hypothesized that the pressure
induces the compaction of plasmid DNA itself because
DNA is one of typical hydrogen bonding polymers as well
as PVA, and then we investigated the effect of pressure on
the tertiary structure of plasmid DNA having the super-
coiled and relaxed forms. Kunugi et al previously reported
that the elevated pressure to 160 MPa induced the super-
coiling of relaxed plasmid DNA [8].

RESULTS AND DISCUSSION

First, 1kbp ladder DNA (Takara, Co. Ltd) was used. The
ladder DNA solution at the concentration of 20 ug/ml was
hydrostatically pressurized at 10,000 atm (980MPa) and 40
°C for 10 min using high pressure machine (Dr.chef, Kobe
Steel Co. Ltd). After pressure removal, the obtained
solution was analyzed by agarose gel electrophoresis, DLS
(Nano-Zs, Malvern Instruments Ltd), CD (J-820, JASCO
Co. Ltd) and melting temperature (Tm) at 260 nm (V-560,
JASCO Co. Ltd) measurements. There was no change for
the agarose gel electrophoresis of the ladder DNA
with/without the pressurization, whereas the decrease in the
size of the pressurized DNA was confirmed by DLS
measurement compared to that of the non-pressurized DNA,
suggesting that the compaction of DNA was induced by the
pressurization. Also, there were differences between the
ladder DNA with and without the pressurization for CD
and Tm measurements. These results indicate that the high
hydrostatic pressurization affect on the conformation of
DNA.

Secondary, plasmid DNA encoding luciferase under T7
promoter (pT7-luc, Promega Co.) was used in order to
examine the effect of pressure on the conformational
structure of DNA in detail. The aqueous solution of pT7-
luc at the concentration of 20 ug/ml was hydrostatically
pressurized at 10,000 atm and 40 °C for 20 min. Figure 1
shows the results of DLS measurement of the pT7-luc
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Figl. DLS measurements of the pT7-luc plasmid DNA with and
without the pressurization at 10,000 atm and40 °C for 20 min.

plasmid DNA with and with the pressurization. Before the
pressurization, the hydrodynamic diameter of pT7-Luc
solution was detected at approximately 95 nm and 625 nm,
which were assigned to the super-coiled and relaxed (open-
circled) form of pT7-luc plasmid DNA, respectively. After
the pressurization, the hydrodynamic diameters of the pT7-
luc were measured at approximately 27 nm and 127 nm. It
was previously reported that super-coiling of plasmid DNA
was induced by elevated pressure to a relaxed plasmid
DNA at 160 MPa [8]. Thus, the pT7-luc having the
diameter of 127 nm obtained by the pressurization at
10,000 atm was regarded as super-coiling of relaxed pT7-
luc plasmid DNA. It is also considered that the super-coiled
pT7-luc was effectively condensed by the high
pressurization, resulting that the compacted super-coiled
pT7-luc was detected at approximately 27 nm.

To examine the conformational change of the
pressurized pT7-luc, CD measurement was carried out.
There was slight difference in CD spectrum of the pT7-luc
with and without pressurization, suggesting that the
hydrostatic pressurization also affects on the conformation
of plasmid DNA. Furthermore, the stability of the
compacted pT7-luc was investigated by digestion test using
S1 nuclease, which selectively cleaves single strand DNA.
A small amount of the S1 nuclease was required to cleave
the compacted pT7-luc than the non-pressurized pT7-luc. It
is suggested that the double helix of plasmid DNA could be
partly dissociated to single strand by the pressure-induced
compaction of plasmid DNA.

To investigate whether the pressunzing strength and time
affect the compaction of plasmid DNA, the pT7-luc
solution was pressurized at different atmospheres and 40°C
for various times. For DLS measurement after pressure
removal, the hydrodynamic diameters of the super-coiled
and relaxed plasmid DNA were decreased with increasing
pressure. Also, at constant pressure at 10,000 atm, a long
period of pressure treatment effectively induced the
compaction of pT7-luc. These results suggest that the
hydrostatic pressurization could regulate the tertiary
structure of plasmid DNA.

CONCLUSION

It was found that the high pressurization induced the
super-coiling of relaxed plasmid DNA and the compaction
of super-coiled plasmid DNA. The extent of the tertiary
structural changes of them was depended on the
pressurizing strength and time. The high hydrostatic
pressurization is considered as a potential tool for preparing
the compacted plasmid DNA.
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ABSTRACT: Controlling the noncovalent bondings such as electrostatic interaction,
van der Waals force and hydrogen bond, is the key factor to generate molecular as-
sembly. We show that pressure is one of the most intensive variables for controlling
these intermolecular forces and producing assembled structure. Macrogel and nano-
particles of hydrogen-bonded polymers were simply obtained through an ultrahigh-
pressure process. The morphology of the obtained assembly depends on concentration
and various conditions of the pressurization. These results indicate that the ultra-
high-pressure induces inter/intra-hydrogen bond, which is strong enough to maintain
microassemblies such as gels and particles. This methodology leads to the molecular
design of pressure-induced molecular assembly, and nonharmful processes for molecu-
lar separation and drug development. © 2008 Wiley Periodicals, Inc. J Polym Sci Part B:

Polym Phys 46: 743-750, 2008

Keywords: crosslinking; hydrogels; nanoparticles; water-soluble polymers

INTRODUCTION

Molecular assembly technology has been gather-
ing interest in the material processing field,
especially nanotechnology. Molecular assembly
is achieved by noncovalent bonding between ad-
jacent molecules. The development of carbon
nanotubes as circuit wires!"? and the incorpora-
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tion of anticancer drugs and amphiphilic poly-
mers into nanomicelles®* are examples of molec-
ular assembly in which noncovalent bonding,
such as electrostatic interaction, van der Waals
interactions and hydrogen bonds, are well com-
bined.>® Controlling these intermolecular forces
is the key factor to create or collapse the
assembled structure. Supramolecular chemistry
has expanded to allow various elemental mole-
cules to generate elegant assembles,® % whereas
the operative factors which regulate molecular
assembly are mostly limited by the concentra-
tion and/or temperature. Here, we show that
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pressure, which is one of the most intensive var-
iables in thermodynamics as well as the concen-
tration and temperature,’®>1¢ can also be used
for controlling the intermolecular forces to gen-
erate assembled molecules. We found that a poly
(vinyl alcohol) (PVA) solution turned into a mac-
rogel or nanoparticle through a simple ultra-
high-pressure process (10,000 atmosphere,
10 min). The morphology of the obtained assem-
bly depended on the PVA concentration, indicat-
ing significant inter/intra-molecular hydrogen
bonding. Our results demonstrated that ultra-
high-pressure induces hydrogen bonding in
water, which is strong enough to maintain
microassemblies such as gels and particles.*”8
Since the interactive potential of molecules is
brought out under ultrahigh-pressure, this tech-
nology would be applicable to realize the concept
for designing assembly molecules proposed by
Whitesides and coworkers.!®2! Furthermore,
this methodology leads to the molecular design
of pressure-induced molecular assembly, and
facilitates nonharmful processes for molecular
separation and drug development.

EXPERIMENTAL

Materials

The degree of polymerization of the used PVA
(Kuraray, Japan) was 1750. The degree of sa-
ponification was 99.8%.

Ultrahigh-Hydrostatic Pressurization

An aqueous PVA solution of predetermined con-
centration was poured into a plastic bag and
was sealed. The bag solution was pressurized
using an ultrahigh-pressure machine (hydro-
static pressure). The pressure was set to 1000-
10,000 atmospheric pressures, and was pro-
cessed over the predetermined time period.

Hydrogel Preparation by The Freeze-Thawing
Method

An aqueous PVA solution was subjected to five
cycles of freeze-thawing, in which the sample
was frozen for 12 h at —20 °C, and then thawed
for 12 h at 4 °C as one cycle. The mass change
of the freeze-thawed sample and the high-pres-
sure processed sample before and after soaking
was measured, and the structures of the two

gels, both of which had gel ratios over 90%,
were compared.

Dynamic Light Scattering Measurement

A 05 w/v % PVA solution was high-pressure
processed for 10 min at 10,000 atm, and the
sample was diluted to an appropriate concentra-
tion with ultrapure water, and was subsequently
filtered with a 5-um pore mesh. The particle size
was then measured with DLS-7000 (Otsuka
Electronics, Japan) using an Ar laser (i = 488
nm, 75 mW).

Swelling Ratio Measurement

The PVA hydrogel prepared by pressurization
was immersed in pure water at room tempera-
ture for 10 days and then freeze-dried. The swel-
ling ratio of the PVA hydrogel was calculated as
follows:

Wh — Wy

X
W, 100

Swelling ratio =

where W, is the weight of hydrated gel after the
dialysis and W4 is the weight of dried gel.

Scanning Electron Microscopy

Observation of PVA assembly was carried out
using a scanning electron microscope, S-4700
(Hitachi High Technologies). Specimen for SEM
observation was prepared as follows: After a
hydrogel was freeze-dried, it was coated with a
thin layer of Pt-Pd by the vacuum evaporation
technique.

Differential Scanning Calorimetry

DSC measurement was carried out to reveal the
melting temperature of PVA assembly. It was
carried out at heating rate of 5 °C/min under a
constant flow of nitrogen gas.

TH NMR Measurement

The nongelled portion of the pressurized PVA
was obtained by the dialysis of the PVA hydro-
gel. The '"H NMR spectra was obtained by the
measurement of the PVA sample dissolved in di-
methyl sulfoxide (DMSO-dg).

Journal of Polymer Science: Part B: Polymer Physics
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Figure 1. Pressure-induced PVA assembly. (a) Pho-
tographs of a 10 w/v% PVA solution pressurized under
various conditions: (A) nonpressurized, (B) 7000 atm,
1 min, (C) 9000 atm, 1 min, (D) 7000 atm, 10 min,
and (E) 10000 atm, 10 min. (b) Phase (constitutional)
diagram of a 5 w/v % PVA solution pressurized under
various conditions. The state was decided by visual
observation according to the photographs. [Color fig-
ure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]

RESULTS AND DISCUSSION

PVA Assembly Formed by Pressurization

Aqueous solutions of PVA at 1-20 w/v % concen-
trations were pressurized hydrostatically under
various conditions. Figure 1(a) shows photo-
graphs of typical samples of 10 w/v % PVA solu-
tions pressurized at different atmosphere pres-
sure (atm) for 10 min. A translucent solution, the

Journal of Polymer Science: Part B: Polymer Physics
DOI 10.1002/polb
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precipitate and hydrogel of PVA was obtained by
increasing the pressure, indicating that the as-
sembly of PVA molecules was induced by pres-
sure treatment. The hydrogel was stable in pure
water, and the yield (gelation ratio) was 90% or
more. It is well-known that PVA solutions trans-
form into hydrogels when the solution was frozen
and thawed sequentially several times; this pro-
cedure is called the freeze-thawing method.
Approximately 10 days is required to form a
hydrogel with similar strength as a hydrogel
obtained by pressurization for only 10 min. Thus,
this simple pressurizing method can be expected
to be an energy saving process. The influence of
the pressure conditions on the formation of a
PVA assembly was examined using a PVA solu-
tion of 5 w/v % in detail. Figure 1(b) shows the
state diagram of the PVA assembly in a pres-
sure—time plot determined by visual observation
according to the photographs shown in Figure
1(a). The translucent solution and hydrogel were
acquired by pressure treatment at more than
8000 atm over a very short time (one min). The
tendency for gelation of PVA with increasing
pressure was observed for each step of pressur-
ization. In addition, at constant pressure, a long
period of pressure treatment induced assembly of
the PVA, even in the case of only 6000 atm, and
the hydrogel was obtained by pressurization for
30 min. Furthermore, DLS measurements of a
10 w/v % solution pressurized under conditions
in which a hydrogel was not obtained revealed
the formation of PVA nanoassembly and the

500 +—
[ ]
’E‘ 400
=
&
@ -
£ 300
[
&
£ 200
r
g C O 5000 atm
100 L @ 6000 atm
[] 7000 atm
B 8000 atm
0 ! 1 1 | !
0 4 8 12
Time (min)

Figure 2. DLS measurements of a 10 w/v % PVA so-
lution pressurized under various conditions.
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Figure 3. Illustration of the mechanism of hydrogen-bonding polymer assembly induced by ultrahigh-pressur-
ization. (a) Effect of conditional parameters on the morphology of PVA assembly. (b) Effect of secondary structure

of PVA on the formation of molecular assembly.

growth of the PVA nanoassembly under pro-
longed periods of pressure (Fig. 2). From these
results, it is clear that the assembly of PVA at
nanometer size was promoted under pressure
conditions of higher pressure and a longer incu-
bation period, and could be controlled by altering
the pressurizing strength and time [Fig. 3(a)l.

Characteristics of PVA Assembly Formed By
Pressurization

The gelation of a PVA solution at 5, 10, 15, and
20 w/v % concentrations was also achieved by
pressurization at 10,000 atm. The swelling ratio
of the obtained hydrogel was determined by the
starting concentration of the PVA solution, and
showed a constant value for all concentrations
when they were treated at 10,000 atm for more
than 10 min (Fig. 4). On the other hand, the
swelling ratio of the obtained hydrogel at 5 min
of pressurizing time was inversely proportional
to the concentration of the PVA solution (Fig. 5).
This result indicates that a tight interaction

20 LA Ill I I L |I] L T —
O s5wv%
@ 10 wh%

16 O 15wh% ]
B 20 wi%

12 o

Swelling ratio
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T
o
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Figure 4. Effect of PVA concentration on swelling
ratio of PVA hydrogel formed by pressurization at
10,000 atm for various minutes.
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Figure 5. Swelling ratio of PVA hydrogels formed
by pressurization at 10,000 atm for 5 min.

between the PVA molecules was formed with
increasing the concentration of PVA solution.
The interior structure of the PVA hydrogel pres-

S wiv%
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surized at 10,000 atm for 10 min was observed
with a SEM (Fig. 6). A mesh-like structure with
pores of about 300 nm was observed for the
hydrogel obtained by the pressure treatment of
a 5 w/v % PVA solution. The mesh-like struc-
tures with smaller pores were formed upon
increasing the PVA concentration. As the pres-
sure treatment was carried out at 40 °C, no ice
crystal was formed.?? That is, ice crystals did
not affect the mesh-like structures formed by
the high-pressure process. In contrast, in the
case of the freeze-thawing method, the mesh-
like structures were formed by the formation of
ice crystals. Therefore, a different process of for-
mation between the two methods was suggested.

DSC analysis of the PVA hydrogels let us
know the melting temperature of the associated
PVA molecules. The relaxation, which occurs at
a temperature between 200 and 260 °C, is
caused by the melting of the crystalline domains
of PVA.?%2* The increase of intermolecular
hydrogen bonding in PVA raises the melting
temperature, leading to a high heat resistance.?®
The melting temperature of the PVA hydrogel

./

== 1 pum (% 10,000)

Figure 6. SEM images of PVA hydrogels of 5, 10, and 20 w/v % formed by pressurization at 10,000 atm for 10
min and 5 w/v % PVA hydrogels formed by the freeze-thawing method.
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Figure 7. DSC measurements of PVA hydrogels
formed by pressure treatment or the freeze-thawing
method.

obtained by high-pressure process was higher
than that of the hydrogel prepared by the
freeze-thawing method (Fig. 7). This result indi-
cates that high-pressure process could form
stronger intermolecular interactions in PVA
than the freeze-thawing method. Although we
need to go into additional details about the ther-
modynamic stability of the PVA hydrogel
obtained by high-pressure process, we have only
limited information about it.

Many researchers have examined the self-
organization of molecules in an aqueous envi-
ronment, because the hydrogen bonds and
hydrophobic interactions were able to act as a
driving force for structure formation.?®=2° The
formation and deformation of the hydrogen
bonds in an aqueous environment can be con-
trolled by changing the temperature and ionic
concentration. The effect of the salt concentra-
tion on the high-pressure process of the PVA so-
lution was then examined. When the NaCl con-
centration was increased, the PVA hydrogel was
obtained even at low pressure (around 6000
atm). At over 9000 atm, stable PVA hydrogels
were obtained at any salt concentration, and the
swelling ratio was almost constant (Fig. 8).

-t
-}
I

Swelling Ratio
[
[ 8]
I

{ 1 1 1

4000 6000 8000
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Figure 8. Swelling ratio of 10 w/v% PVA hydrogels
formed by pressurization at 10,000 atm for 5 min
with various salt concentrations.

10000

When PVA solutions of less than 1 w/v % con-
centration were treated with pressurization at
10,000 atm, clear and turbid solutions were
obtained, as well as in the case of a 10 w/v % PVA
solution pressurized under low atmospheric pres-
sure for a short time. The formation of small par-
ticles with a diameter of about 200400 nm was
confirmed from SEM observation and DLS meas-
urements (Fig. 9). As a result, it was believed
that the formation of intra/inter-molecular hydro-
gen bonds is the first step in the initial structural
formation of PVA, and afterward the size and
morphology of the structure is determined in pro-
portion to the concentration of the solution.

The effect of the secondary (atactic, syndiotac-
tic, and isotactic) structure of PVA molecule was
observed by the "H NMR spectra analysis for the
nongelled portion of the pressurized PVA solution
(Table 1). Short-time pressurizing treatment at

Table 1. NMR Analysis of the Nongelled Portion of
the Pressurized PVA Solution

Tacticity

mm mr IT

PVA117HC 226 47.6 29.8
S-PVA 11.9 499 382
PVA117HC (20%, 6000 atm, 5 min) 21.4 49.0 29.6
PVA117HC (20%, 6000 atm, 10 min) 33.8 37.7 28.5
PVA117HC (10%, 7000 atm, 5 min) 20.9 48.0 31.1
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Figure 9. Small aggregates formation of PVA by
pressurization. (a and b) SEM images and DLS mea-
surements, respectively, of PVA particles formed by
pressurizing a 0.5 w/v % PVA solution at 10,000 atm
for 10 min.

6000 atm had no effect on the content of the sec-
ondary structure of PVA molecule, whereas after
the longer treatment (10 min), the decrease of
the atactic portion (mr) of PVA molecule was
observed. There was no free PVA after more than
20-min treatment. These results indicated that
the atactic PVA was gelled prior to other kinds of
the stereostructured PVA, and after prolonged
treatment all kinds of stereostructured PVA
gelled. These differences of aggregation ability of
each stereostructured PVA could be applicable to
form the ordered structure by changing treat-
ment time, pressure, and the content of each sec-
ondary structures of PVA [Fig. 3(b)].

The High-Ordered Structure of PVA Assembly

The assembly of PVA depended on the strength
and period of pressurization and the PVA con-
centration. It should be noted that molecular as-
sembly is formed through two processes induced
by pressurization, which are dehydration and
the subsequent formation of hydrogen bonds
among inter/intra-molecules. Indeed, it is
believed that under pressurized conditions, the
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hydration shell of the PVA molecules was dis-
rupted, and then hydrogen bonding interactions
between the hydroxyl groups of the PVA were
formed. Thus, the gelation of PVA was promoted
by increasing the pressure. It seems that the
reaction could proceed with a long duration of
pressurization even at moderate pressures. With
regard to the concentration-assembly relation-
ship, monodispersed and nanometer-scale struc-
tures were formed by intramolecular interac-
tions under dilute conditions, whereas the mac-
rostructure (larger than mm) was formed by the
intermolecular interactions between nanometer-
scaled structures which contained molecular
entanglements under concentrated conditions.
To construct a well-defined molecular assembly,
it is necessary to optimize the primary chemical
structure of the polymer molecules, and to fabri-
cate molecules with a specific structure by
exploiting various interactions. The intermolecu-
lar force maintaining the structure of the supra-
molecular assembly includes van der Waals
force, electrostatic interactions, hydrophobic
interactions, and hydrogen bonds, etc. The indi-
vidual interaction energy of a hydrogen bond is
small, while if it interacts along the chain direc-
tion, hydrogen bond is able to maintain a huge
PVA hydrogel by assembling high-molecular
weight PVA moieties. The most important factor
that influences the structure formation induced
by high pressure is the chain length and the sec-
ondary structure of the PVA molecule, as well as
the temperature, concentration, and ionic con-
centration. Controlling the factors, it is expected
that the ordered structures of molecular assem-
bly can be generated. In a conventional tech-
nique, changing the concentration of the solu-
tion or a substitution of the solvent makes it dif-
ficult to change the molecular-assembly
situation gradually. On the other hand, the pres-
suring conditions can be reversibly controlled
and highly controlled operation for molecular as-
sembly by building the interactive part, which
works at a different pressure in the molecules.
In the case where two or more hydrogen bond-
ing functional groups are present, the control of
a higher-order structure can be achieved by
pressurizing in a stepwise fashion. We assumed
that the secondary structure of PVA is one of
the most possible candidates for the factors for
obtaining the ordered molecular assembling
structure. It is expected that such technology
can be applied to build a structure by the
manipulating molecular interactions to develop
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novel structure in aqueous solution, leading to
new science and technology.

CONCLUSIONS

The PVA assembly was simply obtained through
an ultrahigh-pressure process. The morphology
of PVA assembly depended on the strength and
period of pressurization, the PVA concentration,
the PVA chain length, and the PVA secondary
structure. Under the ultrahigh-pressure, molec-
ular assembly is formed through two processes,
which are dehydration and the subsequent for-
mation of hydrogen bonds among inter/intra-
molecules. Thus, the ultrahigh-pressure process
can manipulate molecular interactions. There-
fore, it is expected that the novel high-ordered
structures based on molecular assembly can be
generated by controlling various factors in an
ultrahigh-pressure process.

This work was partly supported by Kuraray Co., for
their supply of the poly(vinyl alcohol).
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Controlling Coupling Reaction of EDC
and NHS for Preparation of Collagen Gels
Using Ethanol/Water Co-Solvents

Kwangwoo Nam, Tsuyoshi Kimura, Akio Kishida*

To control the crosslinking rate of the collagen gel, ethanol/water co-solvent was adopted for
the reaction solvent for the collagen microfibril crosslinking. Collagen gel was prepared by
using EDC and NHS as coupling agents. Ethanol did not denaturate the helical structure of the
collagen and prevented the hydrolysis of EDC, but showed the protonation of carboxylate
anions. In order to control the intra- and interhelical crosslink of the collagen triple helix,
variations of the mole ratio of carboxyl group/EDC/NHS, and of the ethanol mole concen-
tration were investigated. Increase in the EDC ratio against the carboxyl group increased the
crosslinking rate. Furthermore, an increase in the ethanol mole concentration resulted in an
increase of the crosslinking rate until ethanol mole concentration was 0.12, but showed
gradual decrease as the ethanol mole concentration was further increased. This is because the
adsorption of solvent by the collagen gel, protonation of carboxylate anion, and hydrolysis of
EDC is at its most optimum condition for the coupling reaction when the ethanol mole
concentration is 0.12. The
re-crosslinking of the collagen
gel showed an increase in the
crosslinking rate, but did not
show further increase when
the coupling reaction was exe-
cuted for the third time. This
implied that the highest
possible crosslinking rate for Pure Pure
the intra- and interhelical is
approximately 60% when
EDC/NHS is used.

water N,=0.32 N,=0.42 Ethanol
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