impart durability against collagenase degradation. However,
4 high percentage of MPC did not immobilize on the
collagen gel surface. A longer coupling time or use of larger
amount of EDC, NHS, of PMA did not result in an increase
in the amount of immobilized PMA, This is believed {o be
attributable to spatial problems. For immobilization of
heparin, low adoption of the polymer with the EDC/NHS
coupling reaction was considered & problem. With repard to
heparin, it is known that approximately 5.5% immobiliza-
tion can be achieved [12]. However, activation of the
carboxylic group can be triggered at any time point [7]. The
coupling reaction continues when EDC/NHS is re-added to
collagen gel. Based on this, we developed a novel technique
to immobilize the pelymer—the “repeat immobilization
process.”

The repeat immobilization process comprises simply
repeating the process of immobilization on the surface of
the pre-activated polymer, and a polymer-immobilized
collagen gel is thus obtained. The rationale for this process
is based on the following: (1) the carboxyl groups can be
activated at any time point, and (2) a high percentage of
unreacted amine groups are available, Re-activation may
promote formation of additional amide bonds, which could
not be achieved by a longer coupling time or the use of a
higher amount of EDC, NHS, or PMA. In this study, we
repeated the immobilization process until a collagen gel
with the highest possible number of phospholipid head
groups was obtained. Using thig gel, we characterized the
physical and biological properties of the collagen-polymer
hybrid gel. To distinguish the collagen-polymer hybrid gel
prepared by the repeat immobilization process from that
prepared by time control, we named the former as
“collagen-phospholipid polymer hybrid” (a CoPho gel),

2. Experimental methods
2.4, Preporation

211 Synthesis of PMA

PMA wag synthesized according to a previously published methad
[11.13]. In brief. MPC and methacrylic acid (MA) were dissolved in an
cthanol solution. Subsequendy, a specific amount of 2,2-azobisisabu Lyr-
onitrile {AIBN) was added to the cthanol solution. Pelymerization was
performed in 2 completely sealed round-borom flask for 168 ar 60°C.
The solution was precipitdted into dicthylether, frecze-dried; and storad in
vacug until further use. The molar ratio of PMA wus MPOMA = 37,
and the:average molecular weight was 33 165,

S L2. Prepuration of EDC and NHS eross-linked collagen gel { EN geli
Cross-linked collagen mel was prepared by a proviously reported
method [11]. Instead of the 0.5wt% eollagen type I solution (pH 3
KOKEN, Tokyo, Jupan). 2wit% collagen type 1 solition was prepared
and used for the film. preparation: The collagen solution wag dropped
onte the polyethylene film snd allowed to dry at room temperature:
The collagen film (thickncss = 564 3 jun) was mmersed m o 0.056
Z-morpholinocthane sulforic (MES) acid buffer {pH 9.0) (Siema, St Louis,
USA} containing EDC (Kamto Chemicals, Tokys. Japan) and NHS
(Kanto Chemicals). The molarratio-of the constituents was EDCNHS:-
collagen-carboxylic acid groups = 10:10:1. The cross-linking procedure
was allowed to procecd av4°C for 4 b 1o prodiee a eross-linked gel {EN

K Namveral f Biomaterials 8 (W80 888258

gel). After 24 %, the retetion was terminated by removing the gol from the
solution, Subsequently. the gel was first washed with a 4m agueons
Na;HPO, solution for 2h w hydrolyze 4ny remaining O-acylisourca
groups and subscquently with distilled swater over a duration of 3 days to
remove traces of salts from the gel.

2.1.3. Preparation of MPC-immobilized gel { MiC gel, MdC gél, and MrC
gél; CoPho gel)

MPC-immobilized collagen gel (MiC geli was prepared using ungross-
linked collagen gel (immiersed in an alkaline solution at pH 9.0 Tor 30min)
or EN gel [11]. PMA was added tw the MES buffer (pH 9.0) along with
EDC and NHS and was sctivated for 10min before the unicross-linked
collagen or EN gel was immersed, The molar ratios of cach chenical was
fixed: EDC:NHS:collagen-carboxylic acid groups = 16:10:1. The imino-
bilization of PMA 1o collagen continued for 48h at 4°C, Subscquently,
the gel was first washed with 4% aqueous NaHPO, solution for 2h and
then ‘with distilled water for 1 day to remove traces of salis and thus
prepare a sali-free MIC gel. Fig. 1 illustrates the basic seheme for
activation of PMA by EDC and WHS immobilization on collagen. To
increase the number of MPC mieties on the collagen-polvmer hybrid gel,
& MPC-double immobilized collagen (MdC) gel was preparcd by
immobilizing PMA on the MiC gels by using the same procodure as
earlier. To investigate the possibility of further fmmobilization, we
prepared @ MPCHriple immobilized collagen (MiC) gel ysing MAC as
the base collagen for PMA immobilization. MiC-0, MdC-0, and MiC:0
sere prepared from uncross-linked collagen gels; MICH, MdC-1, and

Phospholipid polymer

Collaven laver

MPC- immobilized Collagen gel (MdC gel)

PMA-preactivated
with EDC/NHS

Collagen laver

MPC-double immobilized Collagen gel (MdC gel)

PMA-preactivated
with EDU/NHS

MPC-triple immobilized Collagen gel (MtC gely

Fig. 1. SBchematic dingram of the immobilization process of PMA on
collagen,
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MtC-1 from EN gels. The terminology used for the gel samiples is fisted
in Tuble 1.

214 Preparation of glutaraldeliide cross-linked collagen gel | G-gel)

Cross-linking coflagen gel to glutaraldehyde was perforined by 4
previously reported method [14]. In brief, 4 25% glutaraldehvde solation
(Merck. Damstadt, Germany) was diluted to 0.5wt% in phosphate buffer
selution (PBS}). The collagen film was immersed in the glutaraldehyde/PRS
solution and was cross-finked for 3h 4t room temiperature. After cross
linking, the sample was first ringed in running tap water for 30min and
then in 4y NaCl For 2h. In erder 16 elimingte NaCl, the sample was rinsed
with distilled water Tor 1 day to yield a gluteraldebyde cross-linked
collagen gel (G-gel). The physical und biclogical propertics of this gol were
compared with those of the CoPho. gels.

2.2, Characterization

2.2, Sirtuce-analysis

Surface analysis was cxccuted using X-ray photoelectron spectroscopy
{XPS: AXIS-HSI Shimadrw/KRATOS, Kyoto, Japan) and static contact
angle {(SCA: ERMA-GIL, Tokve, Japan). The samples that Had been cut
into small pieces were lyophilized overnight. The chemical composition of
the gel surface was determined by the releasing angle of the photoclectrons
fixed at 90°. SCA mcasurement was parformed by using a contact angle
goniometer (ERMA-G1, Tokyo. Japan) and a Bil-mont syrings. The
contact. angle of the drop on the surface was measured ab room
temperature. The SCA experimient was repeated 7 times, and the average
was calenlated wgether with the standard deviation,

2.2.2. Determinarion of the reacted aminie group contaif

The concentration of the primary amine group in tissue samples was
determined using a colorimetric assay [15,16]. Three to four nligrams of
each sample was prepared. Those samples were placed in a 4wi% agucous
NaHCO, solution (Kanto Chemicals, Tokyo, Jupan} and 2.4.6 irinitro-
benzene sulfonic (TNBS) acid. Subscquently, 0.5wi% -agqueous TNBS
solution was addeéd (Wako chemicals, Osaka, Japan). The reaction was
allowed to proceed for 2h at 40 °CL the samples were tinsed willi suline
solution im a vortex mixer 1o remove unrcacted TNBS. Subscquent o
frecze-drying the samples overnight, the dry mass was determined. The:dry
samples weredmmersed in 2mL of 6% aqueous HCT until-fully dissolved.
The resultant solution was subscquently diluted with distilted water (8 L)
and absorbance was measured at 345nm (V-560, Jasco, Tokyo, Japan).
The concentrgtion of reacted amine groups was calevlated using the
fallowing equation [16]:

Ax
ex i wm
where [INH: ] denotes the reacted aming group content (mol/g collagen gel,
& the molur sbsorption cocflicient of trinitrophenyllysine (1.46 3 107 mL/
mmolcm). A the absorbance, ¥ the volume of the selution (mL). / the path
longth (om), and m the weight of the sample {mg). The reacted amine
group comtents, of respeetive collagen gels were alt compared with Uc gl

[NH;] = )
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223 Swelling rest

The swelling test of the samples was excented by cutting the Iyophilized
gels into'small pieces and placing them in u neutral pH agueous solution at
37°C. The pH of the aqueous solution was adjusted to 7.4. The gels were
gently shaken for 24h and were measured for assessing the change in
weight of the sample. Swelling ratio was calculated in order to define the
swelling phenomenon aceomplished by water absorption. The experiment
was repeated 5 times and the average was calewlated along with standard
devigtion, The following equation was used to caleulate the swelling ratin.
W — Wy
T 100,

&

Swelling ratic, S1%) =

where W, denotes hydrated weight of the gel and Wy the dry weight of
the gel

224, Fibrinogern adsprption test

Bipresponse was evaluated in wrms of protein adsorption by using
bovine plasma fibrinogen. The concentration was adjusted 1o Img/mL.
First, the collagen gels were equilibrated by immersing them in PBS.
Subsequently, the gels were transferred to the fribrinogen salution, and the
solution was ineubated for 3h. After rinsing with PBS, the adsorbed
fibrinogen was recovered by dipping the samples in 1w1% ssoditm
dodecyl sulfate (SDS} for 60min [17). The concentration of recovercd
fibrinogen way determined at 4901im by using a Micro BCA kit (Bio-rad,
Modc! 680, Tokye, Japan)

225 Cell adhesion rest

The interaction between the T929 cells (mouse fibroblast) and the
collagen gels was ¢valuated. The fibroblasts were cultwred in Eagle's
Minimum Essential Medium (E-MEM., Gibco, NY, USA) supplemented
with 16% fetal bovine serum (FBS, Gibeo, WY, USAJat 37°Cin 3% CO;
aimosphere, After treatment with 0.25% irvpsin, the cell density was
adjusted 16, 5 % 10% cells/mil and the cells were seoded on the gol swrface
{1B.19]. The eollagen gels were sterilized by placing the gels first in an
cthanolwater (50:50) solution:for 2k, then in 4 70:30 solution for 2h, and
overnight in a 100:0 solation before Jvophilization. The tyophilized gels
were hydrelyzed with B-MEM for Smin. and the E-MEM was disposed
immpediately prior to eell seeding. After 24- and 48-h cyeles, the number of
adhering cells was measured using UVevis spectrophotometer (V-560,
Jasco, Tokyo, Jupan) at 560nm by lactate. dehydrogenase {LIVH) assay,
All experiments were repeated 3 times and the aversge was calenlated
wogether with the standard deviation,

The movphology of the L929 cells after the 48-h incubation period was
obscérved using scansiing eleciron microscopy (SEM). The cells attached 1o
the sumples were rinsed with PBS and fixed with 2.5% glutaraldehyde.
Subsequently, the samples were dehvdrared for |5 min using an ethanot
dilution series {(10%., 30%, 50%, 70%, and 90%) before the final
dehydration with 100% ethanol. After defiydration. the samples were first
dried at room temperature and then i vacuum. Tn -order to avoid
defornation of the cells, all samples were fixed onto the glass cover pricr
to vacmum drying,

Table 1

Terminology of collagen gels used in: this study

Terminology Composition

e-gel Uncross-linked gel (stabilized under pH 9.03

EMN gl EDC/NHS-cross-linked collagen gel under pH 9.0

CoPho gel MiC-0 PMA immobilized on Uc-gel under pH 9.0
MdC-0 PMA immobilized on MiC-0 gel under pH 9.0
MC-0 PMA immobilized on MdC-0 gel wider pH 9.0
MiC-1 PMA immobilized on EN gel under pH 9.0
MdC-] PMA immobilized o MiC gel under gl pH 9.0
M-t PMA immobilized on MJC gel under pH 9.0

doi:10.1016/] biomaterials 2007.03.001
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2.2.6. Cell viabiliry resr

TFhe cell viability test was executed nsing the 3-(4, S-dimethylthiazolvl)-
2.5-diphenyhetrazolium bromide (MTT, Sigma Chemical Co.. 5t Louis.
USA]J assay. The cells were cultured onceach test specimen (5000 cellsiwell)
for 48k and were washed twice with. PBS. Subsequently, 200ul of the
MTT solution (0.5mg/mL in modium, filter sterilized) was added to the
culture wells. Afier incubation for 4h-at 37 °Clina 10% CO, atmosphere,
the MTT reaction wmedium was femoved and blue formazan was
solubilized by the addivion of 100uL dimethyisulforide (DMSO). The
optical density readings were subsequently performed at 570nm by using
the Micro BCA kit

227, Statistical analysis

All the experiments were repeated at least 3 times and the values were
expressed as méan-tstandard deviadon. In several figures, the efror ‘bars
are not visible because they are included in the plot. Statistical analysis
was performed using Studen(s tost with the significant level set as
P .05,

3. Results

Atomic concentration percentage of phosphorus is
shown in Table 2. Phesphorus was not detected in the
case of Ue gel and EN gel, while phosphorus was detected
in the case of CoPho gels. The pliosphorus concentration
increased for MdAC gels. but significant increase in the
phosphoius atomic concentration was not shown for MiC
gels.

SCA of the respective collagen gels was measured and is
illustrated in Fig. 2. The SCA for Uec and EN gels was
approximately 70°. 8CA decreases as a result of repeating
the immobilization process, and was 20° for MtC-0 and -1
gels, thus Indicating that the CoPho gel was acquiring a
hydrophilic nature.

Fig. 3 illustrates the results of the reacted amine group
content of the respective collagen gels. It decreases from
approximately 60-30% as the PMA is imniobilized
compared to Uc gel. The lowest reacted amins group
content was observed lor G-gel, which was approximately
15% of Uc gel.

Fig. 4 illustrates the swelling ratio of the collagen gels
under acidic-and neutral pHeonditions. Ue gél dissolved in
acidic pH conditions (pH 2.4) and swelled to approxi-
mately 350% in neutral pH conditions (pH 7.4). The
swelling ratio decreased rapidly on execution of cross-
linking. Interms of the swelling ratio, the two gels did ot

Table 2
Alomic phosphorus concentration of réspective ¢ollagen gels

differ substantially under nentral pH conditions, contrary
to the situation under acidic pH conditions, However, a
decrease in the swelling ratio was observed: after re-
immobilization it decreased {rom 130% for MiC-1 gel to
95% for MiC-1 gel,

Degradation by collagenase demonstrated that cross-
linking decreases the degradation rate of collagen geks
{(Fig. 5). Uc gels, which completely degraded within 6h,
remained -undegraded for 24h when cross-linked ‘with
EDC/NHS alone.  Immobilization stabilized the gelks
against degradation by collagenase.

Fig, 6 illustrates the resulis of fibrinogen adsorbed on the
surface of the collagen gel. It can: be clearly seen that
fibrinogen - adsorption. decreased - ‘as ecross-linking . pro-
ceeded. The amount of adsorbed fibrinogen further
decreases as the MPC polymer is immobilized.

Fig: 7 illustrates the results of the cell adhesion test.
Here, we discovered that repeated immobilization of PMA
suppressed cell adhesion. Comparison of cell adhesion on
completion of 24- and 48-h cycles revealed that the number
of adhered cells forin the case of the Uc gelafter 48-h cycle
had increased by approximately 2 times: the rate of

80
Ue zel

0

ENgel
50

RS

Contact angle

40

T T H T
PMA-free MiC MdC MiC
Gel type
Uc geland EN gel p < 001 vg. # and #%
o Q0T Ars, F

Fig. 2. Thestade contact angle of the collagen géls, Bach vatue represents
the mean+SD (n=13)

Geltype Atomic phosphorus concentration (%)
U el 0
EN gel 0
CoPho gel MiC-0 0.2140.06
MdC-0 0.36+0.05
M0 037 40.06
MiC:1 0184007
MdC-1 0.374+0.09
MiC-1 Q36005
Please cite this article as: Nam K. et al. Physical and biological properties of collagen-phaspholipid polymer hybrid gels Biomaterials (2007);
doi:T0.1016/] blomaterials 2007.03.001
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Fig. 4. Swelling ratio of the collagen gels under acidic pHeanditions (pH 2.1y (hatched bar) and underneutral pH conditions (pH 7.4} {empty bar). Euch
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increase decreases as the cross-linking of the collagen gelsis - Cell morphology observed usinng SEM {Fig. 8) demon-
proceeded. When assessing the suppression of cell adhesion  strated that the 1929 cells were deformed on the non-MPC
in terms of intra- and interhelical cross-links, we observed  surface. On the other hand, the cells remained intact
that higher suppression was considerably higher in gels  (round) on the CoPho gel surface. An increase in the
with intra- and interhelical cross-link. MiC-1 gl displaved  density of the MPC head group resulted in a decrease in the
cell adhesivity that was similar to that of the G-gel, distribution of 1929 cells,

Please cite this article 'as” Nam K et al. Physical and biological properties of collagen-phospholipid polymer hybnd gels. Biomaterials (2007),
doi: 101016/ blomateriagls. 2007,03.001
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Fig. 9 illustrates the viability of the L929 cells after
48h. 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.

Remainign weight (90)

0 - T T T T f 7 T
4] 16 20 30 40 50 &0 70

Tirne (heiys)

Fig. 5. Degradation of collagen gels by collagenase in Tris~HE! buffor
(pH 7.4} at 37°C. (M) Uc gel, (@) MIC-0.gel, (&) MAC-0 gel, (F) MC-0
gel, (L) EN gel, (903 MIC:1 gel. {A) MdC-1 gel, (7 MuC- gel,and (€)
G-gel. Closed symbiols indicate gels without interhelical cross-links while
open symbols indicate gels with interhelical crpss-links. Bach value
represents the medn 8D (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 temperatute remained un-
altered.

XP5 51gna s displayed a phosphorus peak and 4 nitrogen
peak [N7(CHj)i) 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
cecur 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 hydrophificty 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 imuges of adhered fibroblast colls on respective collagen gels after 48 1 of incubation, (a) Us gl (b) BN gel. (o) Gegel, (d} MIC-0, (o) MAC-0,
{y MO0, (g) MICHL, (h) MdC-1amd ) MI€-1 zel. SEM bmages inthe large frame are shown ata mainification of x 150 and the small frame at 4

magnification of x 1500,

the protein adserption. Il is because the wet condition of
the surface is inducing the increase in the mobility of the
MPC polymer head group. SCA further decreases s 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 mmobiliza-
ton process did not decrease the contact angle further.

Did the incrense it PMA on the surface of the collagen
gel resultin a change in the structure of the collagen gals as
indicated in Fig. 17 We altenipted 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
aumber of reacted aming groups because NH. from

Please cite this article as: Nam K. et al. Physical and biolagiéalypmpcrtiss of collugen-phospholipid polymer hybrid pels Biomaterials (2007);
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{hydroxy-)lysine residues is consumed on amide bond
formation and NHjy is not formed [7.21]. However. the
percentage of the unreacted amine group content was
higher than the expected number, Approximaiely, 60% of
the MNH; remained wnreacted 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 o-helices {11,
The re-immobilization process decreases the rescted aniine
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 MiIC gels. This implies that the
immobilization is stopped, but few initra- and interhelical
cross-links have occurred. This decrease is considered high
when compared ‘to that of G-gel, which demonsirates
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
mmmobilization that showed a decrease in the number
of unreacted amine group, and addition of g higher amount
of EDC, NHS; and PMA during the cross-linking process
did not cause a significant change in the reacted aming
group content {data not shown),

The EN gel is formed by inira- and interhelical cross-
links, whereas the CoPho gels are formed by a polvmer-
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 ratie 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 wi% collagen solution,
highly acidic pH conditions causes the uncross-linked
collagen gels o dissolve [11]: however, none of the collagen
gels used in this study dissolved because the x-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 ol'z-helices by intra- and intethielical cross-links causes
a decrease in the swelling ratfo. The consuiption of
carboxyl groups and amine groups is eliminating the site
for the protein binding. Arg-Gly-Asp (RGDJ 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, :

doi:10.1016 biomaterials 200703 001
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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 (e collagen gel suiface
[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
collagetiase adsorption on the surface. Eventually, the
CoPho gels would be more stable against collagenase.

4.2, Bivlogical properties of EN and CoPho gels

As previously mentioned, the hydrophilicity of the
CoPho gel increases with immobilization of PMA due 1o
the presence of phospholipid head group on the CoPho gel.
High hydrophilicity is known (o 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. Tn addition to this, the cross-
links also decrease protein adsorption. The s-amino groups
from {hydroxy-jlysine residues of collagen are blocked by
the cross-linking process [30]. Thus, it is believed that
hydrophilicity of the hybrid gel and the blocked s-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 4%k cveles
revealed that the gumber of adhered cells in thecase of the
Ugc gel after 48 h cycle had inereased by approximately 2
times; this rate of increase would decrease as collagen gels
more phospholipids is immobilized. Immobilization of
PMA did mot induce any toxicity, Decrease in cell
attachment on CoPho gels was entirely attributable to
the surface property. ie, the ability to regulate cell
adhesion and protein adsorption. These results indicate
that the immobilization of the PMA would induce almost
the safne effect as that of Gegel but without toxicity. As
mentiongd in Section 4.1, the formation of the crogs-
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 adsorpiion and cell adhesion. Improper
cross-linking by glutaraldehyde would induce the high
protein adsorption [25]. However, in our case, G-gel
showed fow 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 MiC-1 gel displayed cell

adhesivity that was simildar to that of the G-gel. This
implies that intra- and interhelical cross-links also con-
stitufe 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 e gel: Much highey iffect ciin be seéen for
Grgel, 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
growp content is almost’ the same but the bislogical
properly is different. This is due to the difference in the
sutface property of the EN gel and MiC-0 gel, Investiga-
tion of cell morphology revealed that the 1.929 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 inferaction between cells
and the surface [19]. However, the adsorption of protein
and the adhesion ol the cell were sull higher compared to
other ‘materials  that wsed MPC polymer [1831-33%
Ishiliara et al. pointed out that 30mol% of MPC polymer
is required for fibroblast suppression [29]. Repeated
smmobilization increased the number of phosphorylcholine
moieties on the surface of collagen gel surface, However, it
is believed that the ingrease in the nuraber of phospholipids
moieties 18 no longer possible, and no significant decrease
was observed in the amount of adserbed fibrinogen and
adhered cells.

5, Conclasion

Repeated immeobilization 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
rerained round indicating a weak intéeraction 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 futire,
we look forward to reporting on the use of the CoPho gel
i vivo.
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<FEE>

BETFEAEO-DELU T, DNA EU CEBAN S T AORIEBIC LS Y CBH IV LT
MBHO. BENMDRIAPNTITAD ZEMS nvito I TERE<SHABINTWA, DNA—Y >
BEAIV 0 LB ORI pH ITIRTE L. $oh7s pH 28, EIREIC K D E SN Sk RE
DY A AVKESREL2D, BRERFEASROBEENMED, JOMBEICHL T, #ils
BT %20 AORIMIE D #EERERE & ERTREDROM LIZRHL THB[1], —4
A, ., FROZNTNOHBEEEE DEE KO DRIy FOFFERIERICHD
NTVS. BEEFAZZ—-IZBWTHR, RS, ST IBIVONBICBNTY »BH)L
I LRMEAR S, EAOBETEAICENLTWA[2), 22T, T RYA h—
DARBOpHE FITTY VEAN D LRERPEREN BEEa vy 7IcLs1T 2 B —
LORE. BB TOMBEBITIREINTWS, AMETIE. BE/E59F3 080y
FPORBUEE L TESEMEEEAL . 8MEMEEL TR/ A5 —IVONA ROF27
RYA N (F/ HAp) ZHWT, BEE GoFa0RYy MIEZHBAOBEFEAICD
WTRAR U 2. BETEEINE TR MEMOKER SV RREE I . KEZEATEEST & DNA
DEGEN. £o, EEWIZT ) Hap Z2MNT 5 2 & TLELOBBIZ T BT h—2
AMEDEBMMEEINZ EEZLSND.
<EE>

RUEZNNTILT—)L (PVA) 2Rz, HAp I3, Y47 0TV a ki 0L,
B& DA =) (50~400nm) OF / HAp #1572, BleT&E LTIt Y > NV BHEETF.
BLVWHN T 25— VCEBETEHETS 7523 K DNA, H4 ¥ DNA ZHWE, PVA,
PEG. DEX M4 OEEIZHE L. 0.01~10mg/ml & HAp 1. DNA &R S 64 e BI& TR
&L, 10000 &, 10 2BMELZ Basia), Bon-88 a5Fa 80y hoy
fEz. SEM %2, ELXikEiE. DLS R, DSCHElE. CDMEREDE 2 DL EIZ TR L
7. MIRLEL T. L929. RAW264, MC3T3. Tvw ME#MIEZEZR N, 15 OMBAOE
B AZIUERFE FTHYL, SOCRERE, Lo 7o o—PiRttilEic kv Fm LA, %
7o, MREANEEI DWW THA T XIMED N AZ B W TELAMERE 2T -,
kR - BR>

J/ HAp # PVA SR L, BHEELETS I ETHEMEOR WS/ HAp—PVA IEEAME
541, DNA ZiRi#E, BEEALRIZL Y/ HAp/ PVA/DNA E&HknEBoh, Boh
LEAHKIE. B PVABEIKEL., EBETIRY/ - Y17 OkiTFa, SiBETNA
POy G530z, DNA/PVA/HAp B EKRD SEM BZIck D, KRB LPHEE~D HAp
SHEHMER Nz, BEEEfIZHWEZET, B/ S9F00Roy FEESITERT
ELTEBR LTINS, 8H T X)L DNA ZH O TR FIROESEOHIFIAN DI A A &4
TANBHRE AR ET L /=, BRI08E 1 BRI CId. 7 HAp 256 L72) PVA/DNA B afk, V) 8
FV 77 LIDNA BRI IR, J / HAp/PVA/DNA B AR OAT EHIERE A 2SR S -,
UHHRICBWTHEOEABRFIIMAEI NS, /2. 7/ HAp/PVA/DNA BEAKRDES
. BETRBOAERALELARENE, LHAL, iIKOEBEFEARNTH 2
Lipofectamine2000 {2t U TIE< . ER AU ENLETH D, —F. SPREONT ROy T
I EEBREEICLD DNA DEINBRINZ N PO FICEBOS SR EREL .
Ml Btk 2 at L2 R, PVA 7))L ETRHIEESIIERZIN Y, HAp &H PVA X ILIZH
WTHEBLRHMRIEEDZD S, ZONT ROV INVICIBBETFBEAIC DV THEBETS,

0—1
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v Ry —AiElEREZ B L2
7/ HAp/PVA/DNA BEEKIZ K 2 B FEA

REEKEMT  OFCEE— - ANA - AN BILKREERT AEME - FEHM
EE s MHEIEL - S - ERAeR RESEKEMBT  FHER

[RE] Fx ik, BRELBEICIVRARLEZR) E=ATAa—L (PVA) & DNA 0EAEE AW
AMIE~DBEFEAZRF L T 5, PVA/DNA HAEOMIPEEZITER S NN, +oBET
RBRIIBOONRPoTc, I T, = NV —LOEHEELZ BIS L, & pH TIHERENBE /A K1
XUTNEA NDOF )BT EERTHT ) HAp/PVA/DNA HEKEZZER L BETEAZZOR EAR
RENTZ, BBFFETIE, BEhbHzr FY— hiEHHEE L &G FEANROm EZ B L, WHOR:
% HAp % i\ 7z HAp/PVA/DNA # &I L 5 BIa T 5ZIZ W TR LT,
[RER] Bk L OmBEfiztEo Ri2 5 HAp 2=, HAp
RE, SBABEZFORKENLEZTY, B8 ELEEE
(Dr.CHEF ; ()= 8UgRPT) % F\Vv T 37°C, 10000atm @
EEEAEZSE L, +/ HAp/PVA/DNA EE&EE B, &
LT EEEOMMEE KT - BT HEMEEEZR,. DSCHRIEICT
fERT LTz, COS 7 MIE~DBIETIEFIZOWVWT, #AHT L
fEL7=7F7 A3 FDNAZAWTES LT,
R LBR] BTWAEE 20 5 L21%, EIE DNA B%
WWRAE LESEICESBEESENEOND Z LA L,
Lie ot B b7z DNA/PVA/HAp #4&R7 SEM B2 T,
REB L UCHE~D HAp 88N RSN, #AET Ll
DNA % F W= MIIEAEEE TR, HRINE 1 BRI\ T HAp
%44 L72\) PVA/DNA AR, U b 7 5/DNA % F1g Gene delivery into COST7 cells
ERIZH<, HAp/PVA/DNA 86 R0 5 &1 B 24P g;ﬁlﬁéﬁ}%@ﬁ;ﬁﬁ?igﬁﬁfﬁﬁ i
ADERL ST, 24 FFIRIZIS W T HE AR FIEMR &N calcium phosphate/DNA complex.
e (R), TRHOMRELY, HAp 1T & 5 BRI Ml P
PR ENT,
Gene delivery using nano-HAP/PVA/DNA complexes promoting endosomal escape

Yoichi NIBEL Tsuyoshi KIMURA! Kwangwoo NAM! Shingo MUTSUOZ2, Hidekazu
YOSHIZAWAZ2, Masahiro Okada3, Tsutomu FURUZONO?, Toshiya FUJISATO3, Akio KISHIDA!
(Institute of Biomaterials and Bioengineering, Tokyo Medical Dental University, 2-3-10
Kanda-Surugadai, Chiyoda-ku, Tokyo 101-0062, Japan. 20kayama University, 3National
Cardiovascular Center Research Institute)

Phone&Fax: 03-5280-8029, e-mail: kimuratfm@tmd.ac.jp

Key word: ultra high pressure / inorganic nano-particles / hydroxyl apatite / hydrogen bond /
nano-composite / gene delivery

Abstract: We have researched gene transfection using hydrogen bonding polymer/DNA complex
prepared by ultra high pressure technology. In this study, for effective gene transfection, we
investigated the preparation of nano-hydroxyl apatite (HAp)/PVA/DNA complex including
nano-scaled HAp particles promoting endosomal escape. Gene transfection was carried out using
fluorescent labeled plasmid DNA molecules. After lhour incubation, the effective cellular uptake
of HAp/PVA/DNA complexes comparison with PVA/DNA complex and DNA was observed by
fluorescent microscope, and then high transfection efficiency was achieved using HAp/PVA/DNA
complexes. These results indicate the effective DNA release from endocytosis.
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PEG/ZFE DKM HR~DOBRELRIZ X 35 GEE0FRR

AREL OZ=&HEZ - FHAKR HEWKEM KRR - BEEH,
MILREREET AHEME - HEHM EEH BEIEL - SE - EEEeR
HEWRKEMT FHER
<fE=>
Fox TEEEEMN 2 O I REEEORIRIC DWW TR 21T > T\ 5, BEESET Gk, kE
BENBASINDZLIZERL, ZhET, KFEBEMESTTHHRY E=AT A3 —(PVA)~D
BEEEINCED, 77 - 27 kit " FaFARERENDLZ L E2HE LT, KIfEClE, Ex
D453 FED PEG/EHEKME_FROBE D TIRABR~DBEELEIC LS, HILWEHRSZR Y v — %
EOFEIZ >V TRE L=,
<ZEEh>
HExDORTEORY =F L7 ) 2 —/L(PEG, Mw:6000, 8000), 7% Z |5 >/ (DEX, Mw:60,000~
90,000, 50,000), F/VT &AWz, &K & 10%WN)KIREZHEEL, 1:1 DG TRES L%, 25CT
10,000 KUE., 10 syfEfE S EFIIAEE LT, A E, BHRIC L 282, B EHELDLS)BIE, =EE
BEEE(DSC)RIE I THEE RO MMM 21T - 1=,
<fEFR - B>
BT ERA~OBRELE T, BRICK
DEAIAFER CE 2y o7z, —7F7. PEG/DEX &
BT, WRERAE - BERECEEsEl
BEE L, X, O FEDDEX 2V -
BEIHE T, B TED PEG & DEX
ERAET DI EICE DKM ABSBENTER S .
HIEBMBATWD, SEHAVZ PEG, DEX )
TIESFETH DL b fIRERSNT, Figl. Photographs of the mixtures of PEG(6,000) and
T a IR E o D L THELD AL, DEX(§0,000~90,009). .
EHEFELELELTNB, X bIC PEG/DEX (A) without or (B)with ultra high pressure treatment.
BEBRA~OBELEHNAE TIL, BT8O DEX &AW /KEZFE2EHR L., THTEEEA
ZE2ELE (K1, L9ESFED DEX (Mw=500,000) ZHW5A &, BEEFHIMN L2 VEETHK
HZARZ AT 505, A% CREITFER TE 2holz, o T, ZOHRBIIWE/FIZ L B PEG &
DEX 7> 5 i HHEROIRITEE D RNT O FEBOEINI L kM " FERLEL NS, AL
THSTEED THEES DI DLS BIE (25C) Tik, WINOBE bR FREDENIEEESNT, F/-,
50°CIZ3317 % DLS HIE IR FR OB N AR ENTZH> 5, PEG/DEX DT /L =5 o ~DBEERN
BT LY | KEFBEEZN LIEFHRERoBERRER EN-LELZONS, £/, PEG/ SNV T
BERIZBWTH, FABEOERENE SN, PEG/DEX #iERDIEMRIENT. BLOBEELIEIZ LS
DD PEG/EFEBERICOWT b HET 5, EEFBERFHRE L2 & NS STEREIT 2 E O #EE)
B2 Tz,

.

hrasi|
. ‘”""‘-f ) =t b Ll ol

Preparation of novel structures by ultra high pressure treatment for aqueous PEG/polysaccharides
two-phase system 1

1 2 7 3
Yoshiyuki MIURA ", Kimio KURITA , Tsuyoshi KIMURA , Kwangwoo NAM , Shingo MUTSUO , Hidekazu

3 4 4 4 2R
YOSHIZAWA , Masahiro OKADA , Tsutomu FURUZONO , Toshiya FUJISAO , Akio KISHIDA ( Nihon
Univ., 1-8-14 Kanda —surugadai, Chiyoda-ku, Tokyo 101-0062, Japan,zTokyo Medical and Dental Univ.,
30Okayama Univ., *National Cardiovascular Center Reserch Institute)

2TEL&FAX: +81-3-5280-8029, E-mail: kimurat.fm@tmd.ac.jp

Key Word: ultra high pressure treatment / aqueous two-phase system

Abstract: In this study, the preparation of novel structures by ultra high pressure (UHP) treatment for aqueous
PEG/polysaccharides two-phase system was investigated. For polyethylene glycol (PEG) or dextran (DEX)
solutions, the clear solutions were maintained after UHP treatment. On the other hand, when PEG (Mw: 6,000 or
8,000) were mixed with DEX (Mw:60,000-90,000) or pullulan, the solution with light scattering was obtained.
After UHP treatment, aqueous two-phase separation having light scattering in lower phase was obtained for all
cases, suggesting that apparent molecular weight was increased by the formation of PEG/ polysaccharides
complex. DLS measurement of them before/after UHP treatment was carried out. The particle size was increased
by UHP treatment, then decreased by heat treatment at 50 degrees, indicating the formation of novel hydrogen
bonding structures.
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ﬁﬁ%iﬁ)\ﬁﬁ rETAIBREGE
J BRI T /&5 T/ DNA BE RS

REWREMT OARNME - BEiLth MILRIREET  AHE®E - SEH
EE LA MEEL - HED - EEER  RERKEMT FEEER

<E=>

Bx TEEEREBICRT 2MEOKRHEOMBAMEIZER L, Bx OKEHAMESFEAVEE
FEFEKRFHEMEES TEGERIC L 2ME~OBEFEACOVTHRFT LTS, ZnFET, KU
E=/7ha—) (PVA) DNA &K, BLO, "M Faxv 7344+ (HAp) 28T 5
HAp/PVA/DNA BEEIZ L A ME~DBGTEAZRE L TE /2, £/o, BIRE PVA ~O#E%E ERHN
WLV A FaFl ARSI &b, PVA/DNA #405H®D DNA OBRIZOWTHE Y A T
W5, AIFFETIZ, PVA/DNA 7 VIiZ HAp 2 R &¥ 5 Z & THIlAEE 25 L, 5T 5 Ma~
DR RBIEFEAT OV TR L7z,
<ZEEiE>

BEEE 1700, BRILE 99.3%D PVA %\ =, HAp 1%, =4 7
BT a RIZLVFABE L, BREOHEBEINZEY DR —
v (50~400nm) @ HAp ##57-, F7o, B2 54EH&LED HAp
LA L, BaT&LTIE, ®EF VU HEETEZETS
pEGFP 77 X X F DNA, ¥4 B+ DNA % H\ 7z, 5, 7.5, 10w/v%
@ PVA /KR ZFAEL L, 0.01~10mg/ml ® HAp %, DNA &k
LA~ DEIETIRG L, 10000 KUE, 10 RMNE Lz (BEEL
H), LEEEASHMOMIEHRANE, ME~OBETEAZRIT S
&b VU ABEROMMESFME (L929), vTRER, v M

HEAlEZ AW, 7y MEMMRE, Ty PRRBEE L VEEL,
ii% Ty — LR, A LUEMBEEFER L,
<KER - B>

PVA,HAp,/DNA REE~DEREELEIZL Y ARD/NA R
BSNB/LNT, PVABROEE FFEIZES N1 Ras Lo
FIERPBREOR ERRENT-, SEMBETIZ, N1 FaFfLER
IZ HAp MBI S, £72, DNA LAIEIC L Y DNA OEH D FER
Shic, TNOLORRIT, BRERINEAVEZ LT, EE-F
%A%ﬁUyFﬁﬂ%ﬁgnﬁﬂv%ézk%%bfw %, B5H
nicnA Fa sV EICEEORRMISZEE L, MRt R Fig. Adhesion of 1929 cells on (A)
L7, PVA Z NV ETiIMlaEg ITBEZ s, HAp %F PVA  PVA/DNA and (B) PVA/HAp/DNA
TIZBWTHBSMEEERRS b, BETEAZOWT  hydrogels.
bEET S,

(A)

Preparation of nano-inorganic particel/polymer/DNA compsites by ultra high pressure technology for
gene transfection

Tsuyoshi KIMURA Kwangwoo NAM Shlngo MUTSUO Hldekazu YOSHIZAWA Masahiro OKADA

Tsutomu FURUZONO , Toshiya FUJISAQ Akio KISHIDA ' Tokyo Medical and Dental Univ. 2-3-10 Kanda
—surugadai, Chlyoda-ku Tokyo 101- 0062 *Okayama Univ., *National Cardiovascular Center Reserch
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Abstract: We have performed the development of nano-inorgenic particle/polymer/DNA composites by ultra
high pressure technology for gene transfection. Nano scaled hydroxy apatite (HAp) was used as nano-inorgenic
particle. Polyvinyl alcohol (PVA, 5, 7.5, 10w/v%) aqueous solution mixed with HAp(0.01-10mg/ml) and DNA,
then treated by ultra high pressure at 10,000 atm for 10min. HAp/PVA/DNA hydrogel was obtained. By SEM
observation, HAp particles on the surface of the hydrogel were observed. By DNA staining, the including of
DNA in the hydrogel was confirmed. In order to investigate the cell affinity of the hydrogel, various cell lines
were added on the hydrogels. In the case of PVA/DNA hydrogel, almost all of cells were not adhered. On the
other hand, the effective cell adhesion was observed on HAp/PVA/DNA hydrogel.
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Eey Word: ultra high pressure / DNA / RNA / structure

Abstract: High pressure technology has been utilized for various fields, such as inorganic,
organic science, bic and food science. Pressuve is one of thermodynamic parameters, and
interactions, such as van der Waals, €oulomb, hydrophobic interaction and hydiogen bond, are
varied under pressure condition. Previously, we reported that structuring of polyvinyl aleohol,
which is one of the hydrogen bonging polymers, was induced by ultra high pressure treatment. In
this study, we investigated the changing of structure of DNA and RNA by ultra high pressure to
controlling the functions of them by ultra high pressure for biomedical application It is important
to control the structure of DNA and RNA for the function expression.
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Introduction

Polymeric assembly is a powerful tool for producing functional materials that combine properties
and many respond to external conditions (1, 2). Self-assembly of amphiphilic polymers to create nano-
micelle (3) or nano-gels (4) has been eagerly studied. They are formed by complex combination of
weak interactions, such as hydrophobic interaction, electrostatic interaction and hydrogen bond. To
fabricate self-assemble molecules or to break them by controlling these intermolecular forces,
alternating concentration and/or temperature is mainly adopted. Here we have focused on pressure,
which is one of the fundamental physical parameters as well as concentration and temperature, could
also be used for controlling the intermolecular forces to maintain the self-assembled molecules.
Pressure processing technology ranging from 1 to 100,000 atmosphere (atm) has been utilized in several
fields, such as earth science, material science, food processing, chemistry and biology. In chemistry and
biology, the behavior of molecules, such as proteins, artificial peptides and synthetic polymers, has been
studied under high pressure condition. It was reported that pressure affected the aggregation properties
of elastin, elastin-like peptide (5), poly(N-isopropylamide) (PNIPAM) (6) and poly(N-
vinylisobutyamide) (PNVIBA) (7), which exhibit lower critical solution temperatures (LCSTs) derived
from their hydrogen bonding and hydrophobic properties.

The strength of pressure at over 6,000 atm is thought as ultra high pressure (UHP). Under UHP
condition, the fact that the hydrogen bond between inter/intra molecules is emphasized than electrostatic
and hydrophobic interactions is known well (8, 9). Previously, we found that nano-, micro-particles and
hydrogels of poly(vinyl alcohol)(PVA) mediated by hydrogen bonding interaction were formed by
pressurization (10). Moreover, for drug delivery system, we also reported the formation of hetero-
assembling of PVA and DNA using UHP technology and gene delivery into mammalian cells in vitro

(11).

In this study, we have demonstrated the preparation of novel assembly via hydrogen bond by
UHP treatment using various hydrogen bonding polymers, such as poly(ethylene glycol) (PEG),
poly(vinyl pyrrolidone) and dextran. It is well known that aqueous two-phase separation of PEG and
dextran having high molecular weights is formed because of their molecular repulsion between them.
We hypothesized that the inter/intra molecular hydrogen bonding interaction of PEG and dextran could
be induced by UHP processing, in which the hydrogen bonding interaction is strengthen (Figure 1). The
assembly of hydrogen bondable polymers was investigated by pressurization under various conditions.
The assembly of those and DNA, in which the hydrogen bonding interactions between bases are formed,
was also examined by UHP treatment as one of biomedical applications.
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Figure 1. Illustration of polymeric assembly induced by ultra high pressure.
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Experimental Part

Poly(ethylene glycol)(PEG), dextran and poly(vinyl pyrrolidone) (PVP) having various
molecular weights were used (Table 1). Their chemical structures are shown in Figure 2. They were
dissolved in water at concentration of 10 w/v%, respectively and then autoclaved at 121 °C for 10
minutes. The PEG solution was mixed with dextran solution and PVP solution at the ratio of 1 to 1,
respectively. Their mix solutions were treated under ultra high pressure condition at 10000atm, 25 °C
for10 min using high pressure machine (Dr.Chef; Kobe steal. Co. Ltd.). The obtained solution was
observed by visual observation and the size of the obtained solution was measured using by dynamic
light scattering (DLS) measurement. Also, the changing of their sizes during heat treatment was
examined by DLS measurement in order to confirm whether the driven force of their assemblies is the
hydrogen bonding interaction.

Table 1. Various polymers used.

Polymers Mw

PEG6 6,000 ch,cH
PEGS 8,000

Dextran60 60,000-90,000 'éc”z -0}, @) I
Dextran500 500.000

PVP40 40,000 Dextran

PVP360 360,000 Figure 2 Chemical structures of polymers used

Results

When 10 w/v% solutions of PEG6, PEG8 and PEG35 were pressurized at 10,000 atm, 25 °C
for10 min, respectively, the solutions were still translucent. Also, in the case of dextran60, dextran100,
dextran500, PVP40 and PVP360, there was no change in visual observation of them as they were treated
by UHP processing (Figure 3). When the DLS measurement of PEG6 solution and dextran60 solution
with/without UHP treatment was carried out at 25 °C, the average diameters of PEG and dextran were
approximately 4 and 8 nm, respectively, irrespective of UHP treatment. Also, no change in sizes of
PEG6 and dextran60 was detected by DLS measurement at 50 °C (Table 2). These results indicate that
the assemblies of themselves were not induced by UHP treatment. On the other hand, the two-phase
separation of mixture solution of PEG6 (5 w/v%) and dextran60 (5 w/v%) was obtained by UHP
treatment although the alteration of solution was not observed with mixing of them (Figure 4). The light
scattering was observed in lower phase, suggesting that apparent molecular weight was increased by the
formation of the assembly of PEG6 and dextran60. In order to confirm the formation of the assembly by
UHP treatment, DLS measurement of the mixture solution was performed before and after UHP
treatment. The average diameter of their molecules in the mixture solution was increased by UHP
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treatment, indicating that the assembling of PEG6 and dextran60 by pressurization (Table 2). The
diameter of the assembly was decreased by heat treatment. It suggests that the driving force of the
assembly formed by UHP treatment is hydrogen bonding interaction. Similarly, the phase separation of
mixture solution of PEG6 (5 w/v%) and PVP40 (5 w/v%) was formed by UHP treatment (Figure 4).

In order to investigate the assembling of PEG and dextran by UHP treatment in detail, PEG and
dextran having higher molecular weights were used. The two-phase separation of PEG8 and dextran60
having light scattering in lower phase was induced by UHP treatment, while that of PEG8 and
dextran500 was already obtained before UHP treatment. Also, the phase separation was already formed
by mixing of PEG6 and dextran500 before UHP treatment. From these results, it was clear that the
assembly tended to be formed using dextran having optimal molecular weight. It seems that the
assembly could be inhibited due to the intense molecular repulsion between PEG and dextran having
higher molecular weight.

When the mixture solution of DNA and PEG6 was pressurized at 10,000 atm for 10 min, the
assembling of them was confirmed by agarose gel electrophoretic analysis. The assembly of DNA and
dextran60 was also formed by UHP treatment. From these results, they would be utilized as a novel
drug carrier.

PEGB Dextran60 PVP40

R .l'

UHP
treatment

Figure 3. Photographs of polymer solutions of 10 w/v% before and after UHP treatment.

Table 2. DLS measurement of polymer solutions before and after UHP treatment.

Siza/nm

Non UHP UHP UHP

Mixtres 25%C 255 50°C

(nm) {rrm}) (nm)
PEGS 3.86+0.01 3.5+0.04 441005
Dextran60 8.11+0.4 7.910.04 8.01+0.02

PEGG/Dexirant0 112.0+16.0 140.7+7.0 108.5+3.5
* Analysis by cumulant method
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Figure 4. Photographs of mixture solutions of PEG6 and other polymers
used before and after UHP treatment.

Discussion

This report described the successful formation of a novel polymeric assembly using UHP
technology. DLS measurement confirm the successful assembling of PEG and dextran mediated by
hydrogen bonding interaction. Also, PEG and dextran were also assembled with DNA, which has
hydrophobic and hydrophilic moieties, by UHP treatment. It is expected that this methodology could be
applied to build a structure by the manipulating molecular interactions to develop novel assembly.

This work was supported by grants from the ministry of Health, Labour and Welfare, and the
ministry of Education, culture, Sports, Science and Technology.
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