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Abstract

In order to pursue a possibility of application rafliopaque polymer hydrogels to
vascular embolization, studies were made on syistleésodine containing copolyanions
and properties of their hydrogels with polycatioa formation of polyion complexes.
Acrylamide derivatives having triiodophenyl and lmatyl groups were synthesized and
copolymerized with sodium styrene sulfonate at ougsi molar ratios of initiator to
monomer and temperatures. Hydrogels were preparetixing agueous solutions of the
obtained radiopaque copolyanions and polyallylamiB@bolization was examined by
injection of these hydrogels into vein of a remoyexicine kidney as a preliminary test
for transcatheter arterial embolization (TAE) faplatocellular carcinoma. It was found
that the hydrogels prepared from the copolycatibtaioed under particular conditions
give high X-ray contrasts of the vein and remaittezte, though copolycations with low
molecular weights had a tendency to drain throbghcapillaries to the peripheral tissues.
It is therefore concluded that the hydrogels exaahim the present study are promising

for vascular embolization.
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Introduction

Transcatheter arterial embolization (TAE) usiadiopaque materials has been the predominant
method for hepatocellular carcinomd&equirements of radiopaque materials for TAE Brao
damage to veins, 2) fluidity to pass through a eth 3) embolization of veins for a given period
and 4) radiopacity to monitor embolization by X-regdiography. There have been used no
polymer hydrogels but a mixture of lipiodol which @ commercial, hydrophobic low molecular
weight X-ray contrast medium and cisplatingelatin sponge combined with lipiodpl
polysaccharide solution with anticancer demugad so on. This indicates that embolizing material
presently used for TAE are principally mixturesweéter soluble natural polymers and lipiodol.
Microspheres of synthetic polymers with or witheatliopacity were also used for embolizatsion
8.

We have anticipated that hydrogels of radiopagpigion complexes (PIC) formed by mixing
agueous solutions of polycation and polyanion ba&lavailable instead of hydrophobic lipiodol for
embolic therapy by their transcatheter injectioto ifeeding veins, in order to embolize the target
vessels or organs with easy handling and conttols | because such polymer hydrogels are so
fluid as to flow for intravascular injection, whitbey are viscous enough to embolize peripheral
veins without damaging tissues.

As a preliminary study we reported on a polymer hydrogel consistingyoittsetic PIC, whic
was prepared by mixing a solution of sodium polyete sulfonate) (PSS) in an aqueous
commercial X-ray contrast medium (Omnipaque 350Q]) #rat of polyallylamine hydrochloride
(PAAnN) in the same medium, where PSS and PAAn areadiopaque polymers. The PIC hydrogel
thus prepared was transparent and so viscous|bkenan as to be picked up with tweezers. It was
injected through a catheter into the vein of a reedoporcine kidney, which was used because of an
easy handling for the preliminary experiment. ltswlaund that the hydrogel was suitable for
handling
the clearly contrasted X-ray radiogram of the kidnkhis indicates that the hydrogel does not
out through the capillaries to the peripheral &ssat all. However, a diffuse X-ray radiogram taken
at 24 h after the injection, where the X-ray caositia the region of capillaries disappeared, showed

a draining of the contrast medium into the periph@issues. Taking into consideration the structure



of the PIC gel itself which are not decomposed mtdecularly isolated, fluidal polymers but stable
via

due to the water soluble contrast medium as a laMeenlar compound which is so small in
molecular size to easily pass through the bloodladaps with a diameter of 5 - L.

We also reported in the previous papen synthesis of a radiopaque polyanion having
carboxylated triiodophenyl groups, PCIPA (polymdr @PA monomer as will be mentioned
below) and its PIC hydrogel with PAAn which was aeed by mixing their aqueous solutions
without using Omnipaque 350. As the hydrogel of PE€hand PAAn was found to be unstable and
precipitated from the system, we examined a tersgsgem consisting of agueous solution
PSS, PCIPA and PAAN to avoid the precipitationhedf polymers. As a result, the X-ray contrast
of vein of a removed porcine kidney at 24 h after gel injection was much improved as compared
with the previous case of PSS/PAAN hydrogels in (paoue 350. However, the X-ray contrast
was found to be deteriorated due to a partial drgior flow of PCIPA through the capillaries. It
can be said that a hydrogel prepared from radiopgmplyion in aqueous solution is useful in
embolization but a polyanion having carboxylateupsy which does not give a strong, stable ionic
bonds with polycation, gradually flows to drain ttee peripheral tissues, though polyanion with
carboxylate groups are occluded in the PSS/PAAmelork.

In this paper, we will report on the synthesis a radiopaque copolyanion having the
carboxylated triiodophenyl groups and sulfonateugsoin the chain and the embolization of the
vein of a removed porcine kidney by its hydrogelhwRAAnN in order to avoid draining through the
capillaries. A study was also made on the synthasd hydrogel of copolyanion having higher

iodine content in the monomer.

Experimental
Materials

All chemicals obtained from commercial sourcesavused without further purification, unless
otherwise noted. Tetrahydrofuran (THF) was didillever sodium. 2,2'-Azobisisobutyronitrile
(AIBN) as initiator was recrystallized from meth&no
Synthesis of N-carboxy-2,4,6-triiodophenyl acrylamide (CI PA)

A mixture of 3-amino-2,4,6-triiodobenzoic aciti944 mmol), acryloyl chloride (30.7 mmol) and
2,4-dit-butylphenol (0.12 mmol) was reacted with stirrsg8®C for 90 min. After cooling, the
resultant precipitate collected by filtration waashed with diethyl ether and recrystallized from
methanol solution. Chemical sh#t(ppm) ofiHNMR: 5.80 (1H), 6.23 (1H), 8.00 (1H), 8.28 (1H)



and 10.11 (1H).

Place Scheme 1 here
Synthesis of N-[3-(carboxy-2,4,6-triiodophenylcarbamoyl) 2,4,6-triiodophenyl] acrylamide
(CIPCIPA)

In order to increase the iodine content in moaQr@IPCIPA was synthesized from CIPA by the
dicyclohexylcarbodiimide (DCC) method. To a mixedlusion of CIPA (2 mmol) and N-
hydroxysuccinimide (2 mmol) in THF (20 mL), 3-ami@g,6-triiodobenzoic acid (2 mmol) and
DCC (2 mmol) were added and the reaction was chaug with stirring at room temperature for 12
h. After filtering the reaction mixture, the soltemas evaporated from the filtrate. The residual
precipitate was dissolved in chloroform and wasiwéti aqueous solutions of citric acid, sodium
bicarbonate and sodium chloride three times ealch.ofganic phase was dried over sodium sulfate.
CIPCIPA was isolated by adding petroleum etherhi dried organic solution. Chemical shift
(ppm) of 1H NMR: 5.80 (1H), 6.23 (1H), 6.40 (1H), 8.15 (1H,30 (1H), 8.52 (1H) and 10.20
(1H).

Copolymerization of CIPA or CIPCIPA and sodium styrene sulfonate (SSNa)

Copolymerization of radiopaque monomer (CIPAGQIPCIPA) and SSNa was carried out
initiated by AIBN at the molar initiator/total momer ratio of 1/100 and the total monomer
concentration of 0.8 mol/L in dimethyl sulfoxide NI3O) with stirring at 86C for 20 h in a glass
ampule sealed in vacuo. Copolymerization was adsded out over a wide range of temperature.
The
for all the copolymerization. The reaction mixtumas precipitated by adding acetone/methanol
(9/1) mixture, the resultant precipitate beingHertfiltered, washed with acetone and dried.

NMR measurement

1H NMR spectra were recorded in a JEOL Alpha 500 N§ffectrometer at room temperature
using DMSO-d either as a solvent or as internal reference.
Viscometry

Relative viscosity of the copolymer was measate@mC as the ratio of flow time of solution to
that of solvent at a polymer concentration of 0/10§ mL in DMSO using an Ubbelohde
viscometer.

ESCA measurement

Electron spectroscopy for chemical analysis (ES®@as carried out in a Perkin Elmer ESCA

PHI-5600 spectrometer to estimate iodine and comeanccontents in the copolymer from the

ratio of iodine to sodium and the ratio of iodima&laulfur, respectively.



Embolization

Prior to embolization experiment, we examined téxture of the PIC hydrogels prepared by
mixing 10 or 30 wt % of aqueous solutions of the@agmer and polyallylamine hydrochloride
(PAAnN) in a glass vessel. Embolization experimmemére made by injecting the gel prepared from
the 30 wt % solutions through a catheter into \adia removed porcine kidney. X-ray radiograms

were taken immediately and 24 h after the injection

Results and discussion
Copolymers of CIPA and SSNa: P(CI PA-co-SS)

In Table 1 are listed conversion of the copolyeagion of CIPA and SSNa, copolymer
composition as the molar ratio of CIPA to SS, siiybof the copolymer P(CIPA-co-SS) in water
and stability of the gel formed by mixing aqueowsusons of the copolymer and PAAn a
function of molar ratio of initiator to total comomers charged in the polymerization system. It is
noted that all the copolymerizations proceededdwversions as high as more than 70 %. The
resultant copolymers were all readily soluble irtewaThe highest CIPA, i.e., iodine content in the
copolymer was obtained at initiator/monomer ratiolH00. The copolymers synthesized at the
initiator/monomer ratio lower than 1/400 gave ratstable hydrogels which was able to be picked
up with tweezers when a 10 wt % solution of thesgotymers was mixed with a corresponding
solution of PAAN, while those synthesized at thioraigher than 1/300 gave stable hydrogels
which seemd to be applicable to embolization.

Place Table1 here
In order to pursue a better polymerization cbadj copolymerization was carried out at various
temperatures at a fixed initiator/monomer ratid 400, where the highest iodine content, which is
an important factor of X-ray contrast in embolipati was attained at 8C. As is listed in Table 2,
both the conversion and the iodine content werédsgfor the copolymers synthesized at 70 -
900C. The solubility in water and gel stability forede copolymers were also found to be
acceptable for embolization.

The polymerization at high temperatures abovBo@Oseems to be accompanied by a side
reaction of elimination of bulky iodine atoms fraime monomer or the polymer, probably giving
rise to a hydrogel with less X-ray contrast. Tlibecause the content of CIPA in the copolymer
decreased with decreasing polymerization temperatlihe CIPA/SS ratio of the copolymer
obtained at 369C was as low as 1/147. In addition, this polymel bt give a stable hydrogel with
PAANn but powder precipitates. The very low CIPA/S88lue and the formation of powder



precipitates indicate that the polymerization ftéelrdly proceeded at 3G. It can be said that the
copolymers obtained at 70 - &D have molecular weights and iodine contents slaitdbr
embolization.

Place Table2 here

Relative viscosity of aqueous P(CIPA-co-SS) sotu is plotted against copolymerization
temperature in Fig. 1. The relative viscosity, ame@asure of molecular weight, increased with
increasing polymerization temperature, attained toaximum at 56C and decreased thereafter. In
comparison with the copolymer composition listed Table 2, it may be suggested that
polymerization of SSNa predominantly took placeuah 5@C. On the other hand, the reactivity
of CIPA increased with increasing temperature, gkilat of SSNa decreased, giving rise to a high
iodine content in the copolymers which may haveaowalar weights enough to form hydrogel for
embolization.

PlaceFig. 1 here
Copolymers of CIPCIPA and SSNa: P(CIPCIPA-co-SS)

In order to pursue a possibility of raising ttemtent of iodine in the copolymer, we carried out
synthesis of CIPCIPA having two triiodophenyl greupn the monomer unit and its
copolymerization with SSNa at various temperatu@snpared with the case of P(CIPA-co-SS)
(Table 2), a similar tendency was found that theveosion increased with polymerization
temperature, attained to a maximum ai®@@nd decreased thereafter. It is also noted, hexvéwat
the conversion at @ was as low as ca. 60 % at highest. From veryJalues of the mol;
CIPCIPA/SS ratio and no stable hydrogel formation polymerization temperature of 30 and
400C, it is said that the reactivity of CIPCIPA ane tmolecular weight of resultant copolymers are
very low. It is also found that the copolymeripatiat temperatures higher tharo@0gave lower
conversions and iodine content in the resultanblyopers, being similar to the corresponding case
of P(CIPA-co-SS). This is probably due to a stéiindrance of the bulky side group of CIPCIPA
monomer and side reactions such as eliminatiorodihe from the monomer or the copolymer
and/or hydrolysis of the amide bond of the CIPCIRAIit during polymerization at high
temperatures. As a result, it can be said thahidjigest iodine content was obtained ai@0

Place Table 3 here
Relative viscosity of the copolymers P(CIPCIP&®S) is also plotted in Fig. 1, indicating a very
similar tendency to that for P(CIPA-co-SS). Thetf#tat hydrogels prepared from 10 wt %
aqueous solutions of P(CIPA-co-SS) or P(CIPCIPASS)-and PAAN were stable except for the

low polymerization temperatures suggests that vegyn molecular weight copolymers are not



always necessary but copolymers having relativeogity in DMSO higher thana. 1.2 seem to
be available for stable hydrogel formation. It Iscasaid that copolymers with moderate relative
viscosity are preferable, because hydrogel canagomtigher copolymer content, which provides
high X-ray contrast, keeping its fluidity to paksaugh a catheter.

| odine content of P(CI PA-co-SS) and P(CI PCI PA-co-SS)

It is of interest to compare the iodine contehthe copolymers to that of a commercial
molecular weight X-ray contrast medium, Omnipaqté ®&hich contains 350 mg iodine per ml
solution. Fig. 2 shows polymerization temperatuepahdences of iodine content of P(CIPA-co-
SS) and P(CIPCIPA-co-SS) in mg iodine per g of tgper. The iodine content was very low in
the copolymers obtained at polymerization tempegatd 30 and 48C and still as low as less than
200 mg/g at 56C, at which the highest conversion was obtainedfiih copolymers. The iodi
content reached more than 300 mg/g at temperatunes60 to 90C for P(CIPA-co-SS) and «
440 mg/g at 8&C for P(CIPCIPA-co-SS) and then decreased downléwel of ca. 200 mg/g wi
increasing polymerization temperature.

Omnipaque 350 is an aqueous solution of Xeaytrast molecule iohexol. As we have chosen
30 wt % aqueous solutions of the copolymers and iPAprepare hydrogels for embolization, the
resultant iodine contents in their hydrogels ararlyel/10 of the corresponding values in mg/
copolymer mentioned above.

Place Fig. 2 here
Embolization by PI C hydrogels

All the hydrogels used for embolization expenmsewere prepared from 30 wt % aqueous
solutions of the copolymer having a high iodineteat which was obtained at &0, and PAAN.
P(CIPA-co-SS) obtained at 8D was also subjected to embolization experimenbrider to
investigate the effect of its higher molecular virtignd lower iodine content on the radiopacity.

Fig. 3 shows X-ray radiograms of a removed pardiidney, into the vein of which a hydrogel
prepared from P(CIPA-co-SS) with a comparativelyghhimolecular weight obtained atd&D anc
PAAN was injected. It is noted here that the hydtogas introduced into only one of the vein
branches and that a weak, wide-spread and gradaeray absorption is due to the thicknes
the kidney. In Fig. 3(a), X-ray contrast immedigtafter hydrogel injection was rather clearly seen
in thick branches but not in the capillaries as parad with the case of PSS/PAAN hydrogel in
Omnipaque 350. The very slight X-ray contrast ia tdapillaries is due to a low fluidity of the
hydrogel

5 - 10um. The X-ray contrast was found to be kept to gdaextent at 24 h after injection as is



evident from Fig. 3(b). This indicates that mostiopaque P(CIPA-co-SS) remained in the vein in
the form of hydrogel but a small amount of the dgmer which did not join three dimensional
network of the gel drained out through the capékarAs a result, this PIC hydrogel can be applied
to embolization, though the iodine content and etiogly the X-ray contrast was not so high.
Place Figs. 3and 4 here
Fig. 4 shows the corresponding X-ray radiogramscase of P(CIPA-co-SS) obtained by

polymerization at 84C which has the highest iodine content but has leentar weight lower the
that for 5@C. As is seen in Fig. 4(a), a clear X-ray contrea$ obtained not only in the thick v
but also in the capillaries just after the hydragg@ction, where a relatively weaker, gradatiodal
ray contrast due to thickness of the organ is sésm. The X-ray contrast of both the vein and the
capillaries was deteriorated to a large extentdahZafter the injection (Fig. 4(b)). This can be
accounted for by draining of radiopaque copolymeletules, which were not incorporated
ionic bonds in the three dimensional network delugh the capillaries to the peripheral tissues.

Fig. 5 shows the X-ray radiograms of a removettipe kidney, into the vein of which the
hydrogel prepared by mixing 30 wt % aqueous sahgtiof P(CIPCIPA-co-SS) polymerized at
80C and PAANn was injected. The X-ray contrast of tapillaries of the vein just after the
injection (Fig. 5 (a)) seems more or less cledranthat for P(CIPA-co-SS) (Fig. 4(a)). Similandy t
the case of P(CIPA-co-SS) (Fig. 4(b)), the X-raptcast was highly deteriorated at 24 h after the
injection (Fig. 5(b)), though the contrast of tlapitlaries remained to some extent.
This may be also due to draining of some radiopacp@olymer molecules as in the cas
P(CIPA-c0-SS).
PlaceFig. 5here
Conclusion

The X-ray radiograms of the above mentionedoatjue hydrogels injected into vein of removed
porcine kidney show that the gel prepared from PACt0-SS) obtained at 6O remained stable at
24 h after the injection, though the contrast watshigh due to the low iodine content. On the other
hand, a considerable amount of gels prepared froth bopolymers obtained at &0 did no
remain but drained to the peripheral tissues. 1it loa said that lower molecular weight fractions
contained in the copolymers obtained as®@@lid not form stable gel with PAANn but were sokibl
in the aqueous medium and accordingly drained tiirabe capillaries with diameter of 5 -
which is much larger than the molecular size ofgblmers.

It is therefore thought that P(CIPA-co-SS) af@IPCIPA-co-SS) obtained by polymerizations

at 60 and 76C are promising because they have relative visesditigher than those for & anc



iodine contents higher than that for oB0 Taking into consideration a possibility that
copolymers for 60 and 8C may also contain low molecular weight fractiorigactiona
precipitation of the copolymers from the DMSO smlatwill give hydrogels which do not drain
through the capillaries but are available for dlet@mbolization and a high X-ray contrast of both
the vein and its capillaries. In other words, ih de concluded that the radiopaque PIC hydrogels

from the present copolyanion and polycation willdgsemising materials for TAE.
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Figure captions



Fig. 1 Polymerization temperature dependencelafive viscosity for P(CIPA-co-SS®() and
P(CIPCIPA-co-SS)1). Relative viscosity was measured at 0.1 g/100mRMSO.

Fig. 2 Polymerization temperature dependencedificontent for P(CIPA-co-SS®{ and
P(CIPCIPA-co-SS)). lodine content was measured by ESCA.

Fig. 3 X-Ray radiograms of a removed porcine kiydembolized with a PIC hydrogel prepared
by mixing 30 wt % aqueous solution$¢CIPA-co-SS) polymerized at & and
PAAN. Immediately (a) and 24 h (b) aftee injection.

Fig. 4 X-Ray radiograms of a removed porcine kydebolized with a PIC hydrogel prepared
by mixing 30 wt % aqueous solution$¢CIPA-co-SS) polymerized at & and
PAAN. Immediately (a) and 24 h (b) aftes injection.

Fig. 5 X-Ray radiograms of a removed porcine kydebolized with a PIC hydrogel prepared
by mixing 30 wt % aqueous solution®P¢CIPCIPA-co-SS) polymerized at&D and
PAAN. Immediately (a) and 24 h (b) aftee injection.



Table 1 Effect of initiator concentration on corsien, copolymer composition and

_nm_nprfipq of P((‘,IPA-r‘n-QQ)

Initiator/Monomef Conversion(wt%) CIPA/SS W.S° Gelatiorf
1/ 50 87.6 1/4.6 © O
1/ 100 88.3 1/2.8 © O
1/ 150 97.8 1/4.2 © O
1/ 200 83.9 1/4.9 © O
1/ 300 76.6 1/ 16 © O
1/ 400 93.8 1/4.8 © ©
1/ 600 72.6 1/ 11 © ©
1/ 800 79.6 1/7.5 © ©
1/1000 70.8 1/ 22 © ©

a) Molar ratio of initiator to total monomers inpmymerization of CIPA and SS at

80C, initiated by AIBN. Total monomer concentrati@8 mol/L in DMSO.

b) Copolymer composition as molar ratio of CIPASS, measured by ESCA.

c¢) Solubility of copolymers in water: readily solal{©).

d) Stability of hydrogel prepared by mixing 10 wtéqueous solutions of the copoly-

mer and PAAN: albumen-like gel which can bekptup with tweezersg) and

albumen-like gel which is, however, broken witeing picked up with tweezers

©).



Table 2 Effect of copolymerization temperature @nwersion, copolymer composition
and properties of P(CIPA-c0-SS)

Copolymerization temg€)® Conversion(wt%) CIPA/SS W.S’® Gelation'

30 40.9 1/147 © A
40 51.8 1/ 65 © O
50 67.9 1/ 14 © ©
60 64.7 1/ 3.3 © ©
70 84.7 1/ 2.5 © ©
80 84.9 1/ 2.9 © ©
90 87.8 /28 © O
100 81.0 /3.7 © O
110 76.9 /50 © O
120 70.8 1/52 © O

a) Copolymerization of CIPA and SS at molar rafiondiator to total monomer of 1/100,
initiated by AIBN. Total monomer concentrati@8 mol/L in DMSO.

b) Copolymer composition as molar ratio of CIPASS, measured by ESCA.

c¢) Solubility of copolymers in water: readily solal{©).

d) Stability of hydrogel prepared by mixing 10 wtégueous solutions of the copolymer
and PAAnN: albumen-like gel which can be pickipdwith tweezers@), albumen-like
gel which is, however, broken when being pickedvith tweezers@) and precipita-

tion (»).



Table 3 Effect of copolymerization temperaton conversion, copolymer composition
and properties of P(CIPCIPA-c0-SS)

Copolymerization temgC)®* Conversion(wt%) CIPCIPA/SSW.S' Gelatiorf

30 21.5 1/ 131 © X
40 33.3 1/87.0 © A
50 50.5 1/13.6 O O
60 60.5 1/ 6.5 O ©
70 44.1 1/ 7.2 © O
80 54.1 1/ 2.9 © ©
90 53.5 1/ 6.1 © ©
100 46.2 1/13.6 © ©
110 45.2 1/13.9 © O
120 43.0 1/13.0 © ©

a) Copolymerization of CIPCIPA and SS at molararafi initiator to total monomer of
1/100, initiated by AIBN. Total monomer concentoati 0.8 mol/L in DMSO.

b) Copolymer composition as molar ratio of CIPCIf8ASS, measured by ESCA.

c) Solubility of copolymers in water: readily solal{®) and soluble©).

d) Stability of hydrogel prepared by mixing 10 wt&@ueous solutions of the copoly-
mer and PAAnNn: albumen-like gel which can be pickgdwith tweezers@),
albumen-like gel which is, however, broken whembeicked up with tweezersj,

precipitation (\) and neither hydrogel formation nor precipitat{of).
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a)

b)

Fig.3. X-Ray radiograms of a removed porcine kidney
embolized with a PIC hydrogel preparedby mixing
30 wt % aqueous solutions of P(CIPA-co-SS)
polymerized at 50°C and PAAn. Immediately (a)

and 24 h (b) after the injection.



a)

b)

Fig.4. X-Ray radiograms of a removed porcine kidney
embolized with a PIC hydrogel prepared by mixing
30 wt % aqueous solutions of P(CIPA-co-SS
polymerized at 80°C and PAAn. Immediately (a
and 24 h (b) after the injection.



a)

b)

Fig.5. X-Ray radiograms of a removed porcine kidney
embolized with a PIC hydrogel prepared by
mixing 30 wt % aqueous solutions of P(CIPCIPA-
co-SS) polymerized at 80oC and PAAn.
Immediately (a) and 24 h (b) after the injection.



