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Table 1. Preparation of Phote-Cation Generatable Water-Soluble Copolymers and their Composition
Feed of MG* mono- Yield (%) MG” content (mol %) Mn® (x10% polydispersity number of MG*/
mer (mol %) molecule
0.1 22 04 9.1 16 16
02 0 0.7 1.4 11 19
0.5 17 27 59 23 15.0

Polymerizativn conditiuns: initiator. AIBN; {munomer}initistor] = 200; Sulvent; benzene; [monuver] = 9.7 mol/1; temp., 60°C; Polyin. Time, §7 h. *MG weuns nalachite green. .

Nunher-average mulecutar mass determined by gel-permentivn chromatogeaphy (PEO standard}. * Detenmined by absorption spectrn at 620 .

diphenyl(4-vinylphenylymethane lcucohydroxide according
to the previously reported method [32] (Fig. 2). The content
of the photodissociable group, triphcnylmethane lcucohy-
droxide, in the copolymers was determincd by absorption
spectroscopy using the absorption cocfficient at an absorption
maximum (620 nm) of a malachite green carbinol base, Table
1 summarizes the preparation conditions and compositions of
the copolymers. 'H NMR spectra indicated that by repetition
of sufficient reprecipitation no non-reactive monomer and
initiator was detected completely in the all polymers ob-
tained. Polymer yicld was adjusted under about 20 % to ob-
tain homogencous copolymers with narrow distribution of
copolymerization ratio. The malachite green contents in the
copolymers of molccular weight about 0.6-1x10%, were 3.6
(copolymerization ratio; 0.4 mol %), 7.9 (0.7 mol %) and
15.0 (2.7 mo! %) units per molecule.

Adqueous solutions of the three copolymers at pH 7.4 and
37 °C were light green before UV irradiation. Upon UV irra-
diation at a wavelength of between 290 and 410 nm, the
aqueous solutions spontancously turned to deep green with an
increase in absorption at 620 nm (Fig. 3) and exhibited a con-
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Fig. (3). Absorbance changes at 620 nm in aqueous solutions of
phioto-cation  generatable water-soluble copolymers (malachite
green content per molecule, 3.6; 5 7.9: 5 15.0: ), and the poly-
plexes from the photo-cation generatable water-soluble copolymer
(malachite green content, 3.6: _; 7.9: ; 15.0: _) and DNA (pGL3-
control plasmid, 0.5 pLg). Arrow indicates the time of UV irradiation
for 2 min.
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siderably elevated pH to about 8.5. These were attributed to
the generation of a triphenylmethyl cation according to Fig.
2. Within 1 min of UV irradiation almost all malachitc green
groups were converted to the cationic form. On cessation of
the UV imradiation the absorption at 620 nm reverted to the
initia! cvel (one quarter of the maximum level) within about
1 h regardless of the malachite green contents in the copoly-
mers, indicating that three quarters of all cationic forms
slowly reverted to the original leucohydroxide, noniomic
form. Therefore, one quarter of the malachite green groups
were present as cations at equilibrium state at pH 7.4 and 37
°C.

1.2. Polyplex Formation and Degradation

When DNA was added to Tris-HCI buffered solution of
the cationic copolymers produced from the malachite green-
derivatized copolymers by UV irradiation, a marked high
scattering intensity in DLS measurements was immediately
observed regardless of the malachite green contents of the
copolymers (Table 2). In contrast, low scattcring intensitics
were detected in saline solutions of DNA or the copolymers
with or without UV irradiation, or even aficr mixing of DNA
with the copolymers without UV irradiation (Table 2). For all
copolymers, the scattering intensity was highest at C/A ratios
between 0.5 and 1. An example in the use of the copolymer,
with a malachite green content of 15.0, is shown in Fig. 4.
The larger number and size of the particles caused a larger
scattering intensity. Therefore, it can be said that the photo-
cation-generated copolymers produced polyplexes upon
mixing with DNA at the appropriate mixing ratio. The cu-
mulant analysis of the DLS measurements showed that the
diameter of the polyplexes produced at C/A ratios ranging
from 0.25 to 5 was about 150 nm with low polydispersity
(about 0.4) (Fig. 4). In addition, the polyplcxes formation
was visualized by fluorescent microscopic image because the
malachite green is a fluorescent dye, where almost all poly-
plexes obscrved by exposure to light of wavelength 543 nm
were in spherical shape (Fig. 5.

Upon incubation at 37 °C of the polyplex solutions, pre-
pared from the copolymer with the lowest malachite green-
content, the scattering intensities gradually decrcased up to 3
h (Fig. 6), which was well synchronized with the change in
absorbance of the malachite green groups (Fig. 3). After 3 h
of incubation the scattering intensity had declined to one half
that obtained immediately afier mixing of the photo-
cationized copolymer and DNA. In addition, in this time the
cumulant diameter of the polyplexes decreased from ap-
proximately 150 to 100 nm, However, little change in the
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Table2.  Scattering Intensity of Tris-HCl Buffered (pH 7.4) DNA and/or Malachite Green-Derivatized Copolymer (Malachite
Green Content; 15.0) with or without UV lrradiation
Run Solution condition Scattering intensity
DNA" copolymer” v
L - . - 49.1£21.8
2 0 - . 1582273
3 - o] - 1601124
4 - o] o 174.5+38.2
5 o - 916.3 £299.9
§ O o] 23452+ 973

*Key: o, presence; - absence.

scattering intensity and the cumulant diameter were observed
in the high malachite green content (7.9 and 15.0) copoly-
mers {Fig. 6) despite a decrease in the amount of cations in
the copolymer (Fig. 3). These results indicated that the poly-
plexes were formed immediately upon mixing of the photo-
cationized copolymers and DNA for all the copolymcrs
studied, and gradually dissociated only in the lowcest mala-
chitc green-content copolymer to relcase of DNA without any
damages, which was confirmed by the obscrvation of the
shift of DNA clectrophorctic migration in agarose gel (data
not shown).
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Fig. (4). Scattering intensity {_) and cumulant diameter () of an
aqueous solution of the polyplexes prepared by mixing of photo-
cation generatuble water-soluble copelymer (malachite green con-
tent per molecule, 15.0) and DNA (pGL3-control plasmid, 0.5 pg)
in different ratios.

When 1:min UV iradiation of the polyplex solutions was
repeated every 10 min the absorbance at 620 nm was main-
tained to some cxtent for the lowest malachite green content
copolymer for up to 2 h (Fig. 7), indicating that almost all
cationized malachite green groups cxisted without conversion
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Fig. (5). Fluorescence microscopic image of the polyplexes from the
photo-cation generatable water-soluble copolymer (malachite green
content per molecule, 15.0) and DNA at C/A ratio of 1, Bar=10 ptm,

to the nonionic form due to the action of the intermittent UV
irradiation. Simultancously, under the same UV irradiation
conditions, the scattering intensity derived from the poly-
plexes was also maintained at the initial value to some extent
(Fig. 6), indicating the dissociation of the polyplexes was
prevented under UV irradiation. However, upon cessation of
UV irradiation the scattcring intensitics started to spontane-
ously decrease, duc to disappearance of the cations (Fig. 6).
Therefore, it can be said that the formation and dissociation
of the polyplexes were photochemically controlled.

4. DISCUSSION

In this study, as a2 model compound as a vector for a pro-
posed ncw gene delivery system a photoreactive water-
soluble polymer derivatized with a photochromic compound,
malachite green was molecularly designed [30,31]. Since
malachite green can reversibly generate a cation as shown in
(Fig. 2), the malachite green-derivatized water-soluble poly
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Fig. (6). Changes in scattering intensity of an aqueous solution of
the polyplexes prepared by mixing photo-cation generatable water-
soluble copotymer (malachite green content per molecule, 3.6: _ and
_3 7.9 15,00 ) with 2-min of UV-irradiation, and DNA (0.5 pg)
at C/A ratio of L. [} l-min of UV imadiation was performed ve-
peatedly every 10 min up to Zh.
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Fig. (7). Change in abserbance at 620 nm of an aqueous solution of
the polyplexes prepared by mixing of photo-cation generated water-
soluble copolymer {malachite green content; 3.6) and DNA at C/A
ratio of 1. Arrows indicate the time of 1-min UV trradiation.

mers developed here can be reversibly converted from a
nonionic to cationic form by UV irradiation. Therefore, the
following three functions will be expected when using the
polymers as a vector. Namely, cationization upon UV irra-
diation induces {) acceleration of the formation of polyplexes
with DNA and their subsequent cellular uptake due to cu-
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hancement of ¢lectrostatic interactions. Since malachite green
cxists as a stable cation under highly acidic conditions, the
polyplexes arc stably maintained in cndosomal compart-
ments, Thercfore, 2) DNA can be protected from enzymatic
degradation and hydrolysis in the cndosome. If the poly-
plexes are relcased into the pH-neutral cytoplasm, thermal
dcionization of cations will oceur, which causes: 3) dissocia-
tion of the polyplexes, resulting in the release of DNA. The
last function, 3), may provide the most effective enhancement
of the gene delivery to nuclei in addition to the others 1) and
2), both of which arc usually present in other cationic co-
polymers designed as vectors.

The malachite green-derivatized water-soluble polymers
synthesized in this study were radical copolymers of mala-
chite green-derivatized vinyl monomer and a water-soluble
Mmonomer, N, N-dimethylacrylamide, Poly(¥,N-
dimcthylacrylamidce), is a widely used medical material, for
biocompatible surface coatings for medical devices [34,35]
and for the modification of drugs [36). Malachite green has
been studied as a functional material in drug delivery systems
[32]). In addition, an affinity chromatography of DNA was
devcloped by using A T-base-pair-specific affinity of the
chloride derivative of malachite green [37]. There have been
few reports showing toxicity in these materials. In our previ-
ous study, there was little significant difference between the
control and cndothelial cells (ECs) after treatment with the
copolymers synthesized here, regardless of the presence of
UV irradiation in the cxelusion test of trypan bluc [32]. In
addition, the long-range viability and integrity of the ECs
were not altered from the control upon incubation with the
copolymers at the concentration less than | mg/mL, which is
about 10 timcs larger than that used in standard in vitro trans-
fection experiments [32]. On the other hand, about 70 % of
cell viability was reported in Exgen500, which is polycth-
yleniming, on¢ of the commercially avairable cationic poly-
mer vectors. Therefore, it can be said that the copolymers
were biocompatible with little cytotoxicity. The copolymers
will be excluded from the cells without any cellular damageés
because they can not degraded by hydrolysis ef a/.

In our previous study, cationized malachite green-
derivatized water-soluble copolymers generated by UV ima-
diation were taken up in cells by electrostatic interactions,
whereas the non-ionic form of the copolymers before irmadia-
tion displaycd no detectable interaction with cell membranes
[32]). The strength of interaction was increased by the amount
of malachite green residues introduced into the copolymers
and the imadiation time, i.c., the amount of generated cations.
To obtain high interaction strength with cells, copolymers
with many malachitc green residucs are required. However,
to maintain the watcr-solubility of copolymers, the content of
malachite green residucs must be less than several mol % due
1o their hydrophobicity.

In this study, 3 kinds of photoreactive copolymers with
3.6 (content of malachite green residues; 0.4 mol %), 7.9 (0.7
mol %), and 15 (2.7 mol %) of malachite green groups per
molecule were prepared. In all copolymers, upon mixing with
DNA aqucous solutions and after irradiation therc was a
marked increase in scattering intensity (Table 2), indicating
the generation of polyplexes by non-specific electrostatic
interaction. The formation of the polyplexes was also con-
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firmed by observation of CLSM. The diameter of the ob-
tained polyplexes was approximately 150 nm, irrespective of
the malachite green content (Fig. 4). The amount of mala-
chite green cations in the polyplexes retumed to the initial
level, i.e., the level prior to irradiation, (about 25% of the
entire malachite green groups) in about 3 h (Fig. 3). Since the
amount of cations in an aqucous solution of the copolymers
alone returned to the initial level in about | h (Fig. 3), bind-
ing of malachite green cations with hydroxyl anions may
have been inhibited in the polyplexes. The scattering inten-
sity of the polyplex solution prepared from the lowest mala-
chite green content copolymer 3 h after irradiation was re-
duccd to approximatcly 50% that immediately after irradia-
tion (Fig. 6), indicating dissociation of the polyplcxcs. If the
dissociation of the polyplexcs oceurs in the cytoplasm, gene
delivery to nuclei will be enhanced.

Only the lowest malachite green content copolymer poly-
plexes were dissociated (Fig. 6). About 4 cations remained in
the highest malachite green content copolymer approximately
3 h after irradiation and were sufficient to form polyplexcs.
Decionization of malachite grecn cations was prevented to
somc extent by repcated irradiation at intervals (Fig. 7).
Therefore, maintaining the amount of cations through con-
tinuous irradiation could control the condition of the com-
plex. These results suggested that gencration and dissociation
of the complex could be controlled by irradiation. However,
amount of cations was gradually decreased cven intermittent
irradiation, which may be due to decreasing of malachite
green molecules by photochemical side reaction, resulted in
prevention of maintenance of stable polyplexcs,

In the copolymer with 3.6 malachite green residues per
molecule, in principle, less than 1 cation exists in a molecule
in the dark. Therefore, it is expected that the copolymer can-
not bind to more than 1 DNA molccule, indicating that no
polyplex can be generated. However, complete dissociation
of the polyplexes could not be achicved cven in the use of the
copolymer. This may be due to the relatively high polydis-
persity of the copolymer. To completely dissociate the poly-
plexes in ncutral solution, it is nccessary to design 2 new
malachite grecn-derivatized polymer, in which the number of
malachite green units is strictly controlled to 2-4 per mole-
cule, or a functional molecule that is complctely deienized in
neutral solution. With regard to the former material, we have
been investigating synthesis by controlled polymerization
methods, such as living radical polymcrization. With regard
to the latter, since malachite green is converted into cations
by dissociation of hydroxyl anions, it tends to be in the leuco
form at cquilibrium under alkaline conditions because of
suppression of dissociation (Fig. 2). Therefore, cven in the
polyplex with the highest malachite grcen content, the scat-
tering intensity was reduced to about 25% at pH & 24 h after
irradiation, and to about 10% at pH 10 within about | h after
irradiation, whereas little change in the scattering intensity
was observed at pH 6 (Fig. 8). At pH 10, the change in seat-
tering intensity was well correlated with that in absorbance
(Fig. 8). In other words, complete deionization of malachite
green led to almost complete dissociation of the complex.
The other approach to complete dissociation of the poly-
plexes is the synthesis of leuconitrile derivates of malachite
green as model compounds, which could exist in a complete
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non-ioni¢c form before irmadiation, and would not be affceted
by the pH of the solution.
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Fig. (8). Changes in absorbance (A) and scattering intensity (B) of
an aqueous solution of the polyplexes of photo-cation generatable
water-soluble copolymer (malachite green content per molecule,
15.0) and DNA at C/A ratio of | at different pHs.

This study indicated that generation and dissociation of
polyplexes of water-soluble polymer and DNA was con-
trolled to some ecxtent using the  specific
photo/thermorcactivity of malachite green (Fig. 1). It can be
said that a new mode! for gene delivery system into cells has
been demonstrated. For the next stage of this study, we are
planning to cxaminc in vitro transfection efficiency. It is
highly expected that only by mixing with the malachite
green-derivatized copolymers after irradiation DNA will de-
liver effectively to inside of cells by endocytosis. The degree
of delivery will be controlied easily by irradiation time and
malachite green content. In addition, thermal dissociation
ability of the photo-generated polyplexes after cscaping from
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endosomes will promotc DNA delivery to nucled, which will
cause the enhancement of transfection cfficiency. Such study
will be reported in the near futere.
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Summary. Autologous tubular tissues as small caliber vascular prostheses
were created in vivo using tissue engineering. We named them “Bio-
tubes”. The six kinds of polymeric rods made of polyethylene (PE), poly-
fluoroacetate (PFA), poly-methyl methacrylate (PMMA), segmented poly-
urethane (PU), polyvinyl chloride (PVC) and silicone (Si) as a mold were
embedded in the dorsal skin of six of New Zealand White rabbits. Bio-
tubes were formed after 1 month by fibrous tissue encapsulation around
the polymeric implant except PFA. None of the Biotubes were ruptured
when a hydrostatic pressure was applied up to 200 mmHg. The wall
thickness of the Biotubes ranged from 50 to 200 um depending on the im-
plant materials in the order PFA<PVC<PMMA <PU<PE. The tissue
mostly consisted of fibroblasts and collagen-rich extracellular matrices.
The tissue created by Si rod was relatively firm and inelastic and the one
created by PMMA was relatively soft. For PMMA, PE and PVC the stiff-
ness parameter (B value; one of the indexes for compliance) of the Bio-
tubes was similar to those of the human coronary, femoral and carotid ar-
teries, respectively. Biotubes, autologous tubular tissues, can be applied
for use as small caliber vessels and are ideal prostheses because of avoid-
ance of immunological rejection.

Keywords. Graft prosthesis, Tissue engineering, Autologous transplant,
Small caliber vessel
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Introduction

In vivo, the encapsulation of foreign materials by own fibrous tissue has
been well documented as a biological reaction of self-defense system since
the 1930’s. Peirce et al. attempted to utilize capsular tissues as artificial
vascular vessels (Knott I, et al. 1973, Peirce EC I, 1953). Sparks et al. ex-
amined the clinical application of grafts consisting of a combination of
capsular tissues and Dacron tubes in the latter half of the 1960’s (Hallin
RW and Sweetman WR 1976, Sparks CH, 1972). Recently, Campbel] et
al. studied capsular tubular tissues obtained by implantation of silicone
rods into animal peritoneal cavities(Campbell JH, et al. 1999). Tubular
tissues possessed a wall with several layers of myofibroblasts and colla-
gen-rich extracellular matrices covered with a single layer of peritoneal
mesothelium. By inverting the tubular tissues, mesothelial cells became
internal lining cells within tubes like endothelial cells. Autotransplantation
of these tubes as grafts resulted in high patency for several months, sug-
gesting the possible application of capsular tissue prosthesis for arteries.

The patency rate of small caliber artificial grafts is much worse than
medium to large diameter artificial grafts because of thrombosis in the
early stage and of neointimal hyperplasia in the chronic stage. Among the
many factors determining the patency of small caliber artificial grafts, the
compliance mismatch between the native artery and grafts has been dis-
cussed as a major detrimental factor of graft failure (Abott WH, et al.
1987, Kinley CE and MarbleAE 1980, Pevec EC II, et al. 1992, Stewart SF
and Lyman DJ 1992).

In this study, the mechanical properties of the tubular tissues were in-
vestigated for small caliber blood vessels. Various polymeric rods were
implanted in subcutaneum of the dorsal skin of rabbits. Then, own tubular
tissues by encapsulation were obtained and we called them “Biotubes”.
. The mechanical properties including pressure resistance, pulse follow-
ability and compliance of the Biotubes were measured after histological
analysis of their components. The designs of the matrix including luminal
surface, mechanics and shape of the Biotubes were discussed.
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