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A method and composition of achieving per-
sistent occlusion of blood vessels, for a period of at
least about two weeks. The method includes (a) pro-
viding a vaso-occlusive material composed of a su- .
spension of atelopeptide collagen fibers which are
cross-linked under conditions which raise the melt-
ing temperature of the suspension at least about
10°C, and (b) introducing the material into the
blood vessels to be occluded. Also disclosed are
novel methods which employ vaso-occlusion for en-
hancing hyperthermia and drug treatments, partic-
ularly of solid-tumor tissue.

10 2
< o L.Kidney
5 A R.Kidney
210 =+
T
<
o
g |
c . P S
a.

.ol 1 1 1 1 1

O 2 4 6 8 10
Collagen (mg/mi)




FOR THE PURPOSES OF INFORMATION ONLY

Codes used to identify States party to the PCT on the front pages of pamphlets publishing international appli-
cations under the PCT. -

AT  Austria GA Gabon - MR Mauritania
AU Australia GB  United Kingdom MW Malawi

BB  Barbados HU Hungary NL  Netherlands
BE Belgium IT Twly NO Norway

BG Bulgaria JP  Japan RO Romania

BR Brazil KP  Democratic People's Republic SD Sudan

CF  Central African Republic of Korea SE Sweden

CG Congo KR Republic of Korea SN Senegal

CH Switzerland LI  Liechtenstein SU  Soviet Union
CM ' Cameroon LK Sri Lanka TD Chad

DE Germany, Federal Republic of LU Luxembourg TG Togo

DK Deamark MC Monaco US  United States of America
FI  Finland MG Madagascar

FR  France ML  Mali

i



WO 87/00062 PCT/US86/01408

-1-

UASO-OCCLUSIVE COLLAGEN COMPOSITION AND METHOD

1. Field of the Invention
The present invention relates to vaso-occlusive
5 collagen compositions, and to therapeutic methods based
on vaso-occlusion at a selected tissue target site.
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3. Background of the Invention

Endovascular occlusive therapy has been used in
30 treating a variety of conditions, such as controlling
internal bleeding and occluding blood supply to tumors
(Athanasoulis, Wallace, Reuter). It is well known that
collagen is a hemostatic agent and there are several
reports describing the use of a microfibrillar collagen
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as a transcatheter embolic agent. The use of
microfibrillar collagen as an embolic agent and its use
in the preoperative embolization of hypervascular head
and neck neoplasms has been reviewed (Kumar). The
microfibrillar collagen used was a powdery substance
that was mixed with an aqueous contrast material to form
a slurrylike suspension. Even though suspensions of
microfibrillar collagen have better flow characteristics
and vascular bed penetration than alternative agents
such as IVALON foam or gelfoam sponge, they are
nonetheless nonhomogeneous and relatively difficult to
administer by means of small diameter catheters. Also,
there are reports that microfibrillar collagen is '
inflammatory and causes vasculitis when injected into
blood vessels (Kaufman).

U.S. Patents Nos. 3,949,073 and 4,140,537
describe an atelopeptide collagen suspension prepared by
solubilizing collagen, treating it with enzyme to remove
telopeptide groups, purifying the resulting atelopeptide
collagen; and partially reconstituting it to form a
fibrillar suspension. A commercial embodiment of this
atelopeptide collagen is sold under the tradesark
ZYDERM®, and is used for augmenting soft ftissue. The
fibrillar collagen suspension is less immunogenic than
undigested, unpurified collagen. Also, the sucsnension
is substantially free of particulate or rlumped matter,
so it can be easily delivered from a small diameter-
catheter without spiking, at a controlled flow.rake.

The atelopeptide'collagen suspension just
mentioned has been tested as a vaso-occlusion material
in a variety of model systems in which the distribution
and persistence of the material can be evaluated. The
suspension typically contained a contrast agent, such as

diatrizoate meglumine, which allowed the distribution
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of vaso-occlusion to be monitored fluoroscopically.
When administered by catheter into a localized tissue
region, the material was found to localize, by
flow-direction infusion, in vessels having lumen
diameters predominantly in the 20-250 micron size
range. Since many of the arterial vessels in this size
range are distal to the collateral vessels in the
vascular bed, the material was quite effective in
reducing blood flow into the tissue area, by preventing
both direct and collateral circulation. Despite these
advantages, the atelopeptide material showed rather poor
persistence, typically being cleared from the infused
vessels within a few days when formulated with a
contrast agent.

4. Summary of the Invention

It is a general object of the invention to
provide a vaso-occlusive collagen composition which has
the advantages of the above-described atelopeptide
collagen material, in terms of favorable immunogenic and
flow characteristics, and ability to produce occlusion
distal to collateral circulation, but which is
persistent in vessels for selected periods of at least
about two weeks and up to six months or more.

- Another object of the invention is to provide a
method for producing persistent vaso-occlusion with a
cross—-linked collagen material, where the persistence
time of the material can be selectively varied according
to the degree of cross-linking.

One specific object of the invention is to
provide a composition and method for producing
persistent occlusion of the small arterial vessels
supplying a tumor region in a tissue, and a novel method

for treating solid tumors which combines vaso-occlusion
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and hyperthermia, to produce selective heating effects
in the vaso-occluded tumor area. '

Another spécific object of the invention is to
provide a composition for producing persistent occlusion
of large arteries and veins, and a composition for use
in delivering a'drug to a selected vascular site, such
as a tumor site.

In one aspect, the invention includes a method
of achieving persistent occlusion of blood vessels for a
period of at least about two weeks. The method employs
a vaso-occlusive material composed of a suspension of
atelopeptide collagen fibers which are cross-linked
under conditions which raise the melting point of the
suspension at least about 10°C, and preferably 15°C or
more. The cross-linked collagen material may be
combined with a radio-opaque contrast.agent, such as
diatrizoate megqlumine, without appreciable loss of
persistence when injected. The material is introduced
typically by catheter injection into the vessel(s) to be
occluded. ,

, - The method may be used to achieve
vaso-occlusion for a selected periud of between about
two weeks and up to six monthe-or more. Greater
persistence times are achiever by .cross-linking the
collagen fibers under conditions wiiich lead to increased
cross-linking, as measured, fcr example, by the percent
of total lysine residues which are cross—iinked, between
about 15-85 percent. Alternatively, the embolic"
material may be infused repeatedly at periodic intervals
of two weeks or more.

If injected in relatively dilute form, the
cross—-linked material is adapted to be carried'by
flow-directed infusion into relatively small (20-250

micron) vessels fed by an arterial segment which is
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accessible by catheter. Alternatively, the material can
be injected in a pastelike form, for occluding larger
arterial vessel or for administration in a retrograde
fashion into veins. The material may be used to arrest
hemorrhaging, to seal off tissue regions prior to
surgery, to block blood flow to a tumor region, to
starve a tumor region, and/or as an adjunct to
hyperthermic tumor treatment, and in treating
arteriovenous malformations.

In another aspect, the invention includes an
improved method for treating an internal tissue,
particularly a solid tumor tissue, by hyperthermia. In
the method, a vaso-—occlusive material is introduced at
the target site, to produce localized vaso-occlusion,
and this region is heated to réise the temperature of
the region to at least about 42° C, and preferably
between about 44° and 46° C., According to an important
feature of the invention, the heating is effective to
produce a temperature differential, between occluded and
nonoccluded tissue, of at least about 2° C. The heating
is applied for a time sufficient to produce selected
tissue necrosis in the occluded tissue. The
vaso-occlusive material preferably is persistent at the
occluded site for 2 weeks or more, allowing for multiple
heat treatments over the period of occlusion. At the
same time, the persistent vaso-occlusive material
contributes to selective tumor destruction through
hypoxic effects.

Another aspect of the invention is an improved
method for administering & drug at a localized target
tissue site, by injecting a mixture of collagen '
vaso-occlusive agent and drug to the vessel(s) supplying
the target site. The drug administered in this form
shows a severalfold increase in accumulation at the
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target site, when compared with drug administered by
intravenous administration, intraarterial
administration, or by intraarterial administration with
proximal balloon occlusion.

The invention also includes a nonimmunogenic
vaso-occlusive composition having a biological
persistence of greater than about two weeks. The
composition includes a vaso-occlusive material composed
of atelopeptide collagen fibers which are cross-linked
under conditions which raise the melting temperature of
the suspension at least about 10°C. One novel
composition includes the collagen suspension in
combination with a contrast agent, for use in
vaso-occlusion applications where it is desired to
monitor the distribution of vaso-occlusiive material at
a target site. Another novel composition includes the
collagen suspension i combination with a
pharmacological agent, such as a therapeutic drug, for
use in localized drug delivery at the site of
vaso-occlusion.

These and other objects and features of the
invention will become mere fully apparent from the
following detailed. dascription of the invention, when

read in conjunction with the accompanying drawings.

Brief Description of the Drawings

Figure 1A shows a calurimetric melting curve
for fibrillar collagen cross=linked with 0.0075%
glutaraldehyde;

Figure 1B is a plot of melting temperatures of
cross-linked collagen as a function of percent
glutaraldehyde used in the cross-linking reaction;
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Figure 2 is a plot of free lysine content of
samples cross-linked with varying concentration of
glutaraldehyde;

Figure 3 shows the time course of digestion of
noncross—-linked (triangles) and cross-linked (circles)
fibrillar collagen by bacterial collagenase, over a
two-hour period;

Figure 4A is a plot of the log of viscosity, as
a function of shear rate for noncross-linked fibrillar
collagen at 35 (solid circles), 50 (+), and 65 (open
circles) mg/ml;

Figure 4B is a plot of concentration—dependent
viscosities like that of Figure 44, for collagen '
cross—linked with 0.0075% glutaraldehyde,;

Figure 5 is a simplified view of a tissue
region containing a network of branch vessels fed by a
supply artery, here shown containing a double balloon
catheter used for injecting vaso-occlusive collagen into
the region;

Figures 6A-6C are graphic representations of
photomicrographs showing in cross-section vessels which
have been vaso-occluded according to the method of the
invention, examined 1 week (A), 1 month (B), and 2
months (C) after vaso-occlusion;

Figure 7 shows changes in liver function, as
reflected by changes in alkaline phosphatase, bilirubin,
serum glutamic oxaloacetic transaminase (SGOT), serum
glutamic pyruvic transaminase (SGPT), as a function of
time after collagen embolization of the hepatic artery;

Figure 8 shows tissue deposition of cisplatin
in kidney, left and right liver, muscle, and plasma two
hours after drug administration by (a) intravenous (iv)
administration, (b) intraarterial infusion into the
common hepatic artery, (c¢) intraarterial infusion into



WO 87/00062 PCT/US86/01408

10

15

20

25

30

-8~

the hepatic artery with proximal balloon occlusion, and
(d) collagen chemoembolization of the hepatic artery;

Figure 9 shows tissue deposition of cisplatin
in left and right kidney cortex, left and right liver,
and lung two hours after drug administration by (a)
intravenous administration, (b) intraarterial infusion
into the left kidney, and (c¢) chemoembolization of the
left kidney; and

Figure 10 shows the uptake of cisplatin in left
and right kidneys for drug administration by collagen
chemoembolization in the left kidney, as a function of

collagen concentration in the embolic material.

Detailed Description of the Invention

I. Vaso-0Occlusive Composition

A. Preparing an Atelopeptide Collagen Suspension

The collagen suspension used in forming the
cross—linked vaco=—occlusive material of the invention is
prepared from a aqueous solution of atelopeptide
collagen, sucii 3s that described in U.S. Patent No.
4,140,537, -and incorporated herein by reference. The
collagen is preferably derived from cutaneous mammalian
sources, su.h as bouine or porcine corium.

To prepare the collagen solution, acid-treated
corium is digested with a proteolytic enzyme, such as
pepsin or papain, that attacks the telopeptide but not
the helical portion of collagen. The digestion is
carried out typically for 2-14 days at a pH between 1.5
and 5. After denaturing the enzyme and filtering the
fiber solution, the. filtrate may be fractionated by
ion-exchange chromatography to pfoduce a substantially
pure atelopeptide collagen fiber solution.
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The collagen solution is reconstituted to form
a suspension of collagen fibers by incubating the
solution at a pH preferably between about 5 and 8 under
hypotonic conditions. Within this range, pHs below
about 7 favor formation of fine, soft fibers whereas pHs
above 7 favor formation of coarser fibers, which may be
more difficult to inject. Reconstitution to fibrillar
collagen generally occurs within about 1-18 hours under
the above incubation conditions. The preparative method
described in Example 1A below is illustrative.

The fibrillar suspension may be further treated
by forcing the suspension through a screen of defined
pore size after or during the reconstitution step. This
procedure, called "screening", breaks up fibrillar
aggregates present in the reconstituted fiber suspension
and gives a more uniform fiber size distribution. A
preferred screening protocol is to pass the fiber
suspension through a 60 mesh stainless steel screen at
about 5°C and at a flow rate of about 7-7.5 1/min. The
suspension is recirculated through the screen
repeatedly, with about 50 or more passes through the
screen being optimum. After the screening, the
fibrillar suspension is incubated in the reconstitution
medium for an additional 6 to 15 hr. The sc®eening
procedure is detailed in U.S. patent application for
"Mechanically Sheared Collagen Implant Material and
Method", U.S. Serial No. 715,098, filed 22 March 1985.

" The screening conditions just described produce
fiber sizes with an average size of about 70 microns in
length and 5 micron in fiber width. Very little change
in fiber size is observed when the screened fibers are

cross—-linked under mild cross-linking conditions.
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B. Collagen Cross—Linking

According to an important aspect of the
invention, it has been found that the biclogical
persistence of atelopeptide collagen fibers can be
extended from a period of only a few days to at least
about two weeks by cross-linking the reconstituted
collagen fibers under defined reaction conditions; and
further, that the biologicalrpersistence can be
selectively increased, for periods of up to six months
or more, by increasing the extent of cross-linking.

The concentration of collagen in the
cross—1linking reaction is preferably adjusted to 0.1 to
10 mg protein/ml, and usually between about 1-5 mg/hl.
At relatively high collagen concentrations, more
interfibrillar cross-linking occurs, at a given
concentration of cross-linking agent, leading to larger
and more heterogeneous fiber sizes. The larger sizes
may be suitable in preparing a cross-linked material for
use in occluding large vessels. At lower collagen
concentrations, and particularly when the concentration
of the cross-linking agent is also low, fiber size may
not dncrease significantly over that of the original
collagen suspension, indicating that much of the
cross—linking may be intrafibrillar. Cross-linked
;oxiégenrmuterial having smaller fiber sizes are
generally preferred in producing vaso-occlusion of small
vessels, e.g., having lumen sizes between about 20-250
microns.

The cross—linking agent is preferably an
aldehyde —-- such as formaldehyde, glutaraldehyde,
acetalaldehyde, glycoxal pyruvic aldehyde, and
dialdehyde starch —- which is capable of reacting with
and cross-linking free amine groups in collagen.
Glutaraldehyde is a preferred cross-linking reaction.
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The concentration of cross-linking agent is adjusted to
produce a selected degree of cross-linking needed to
achieve the desired biological persistence of the
material. When glutaraldehyde is used, relatively light
cross—-1linking is achieved at concentrations between
about 0.005% to 0.01%. The cross-linking method
detailed in Example 18 is illustrative.

Where relatively larger-size and/or more
persistent material is required, cross-linking at
concentrations up to 2% glutaraldehyde or greater may be
suitable. The extent of cross-linking can be gauged by
one of a number of changes in the characteristics of the
fibrillar material, as will be discussed below. A
preferred method for gauging the extent of
cross—-1inking, under relatively light cross-linking
conditions, is by melting point calorimetry. For
cross-1linking under relatively heavy conditions, the
percent lysine residues present in the collagen is a
preferred test for degree of c¢ross-linking.

In melting point calorimetry, the collagen
sample is placed in a conventional calorimeter, and
enthalpy transitions are recorded. Figure 1A (taker
from McPherson), shows a scan of a collagen sémple
cross—linked with 0.0075% glutaraldehyde and suspended
in phosphate-buffered saline (PBS) to about 1 mg/ml.
The reference sample (dotted line) contained PBS.
Enthalpy transitions were recorded between 10°C and
100°C, at a scan rate of 10°C/minute. As seen, the
collagen shows a melting transition at about 74°C.

A plot of melting temperature as a function of
glutaraldehyde concentration is presented in Figure 1B.
At glutaraldehyde concentrations up to about 0.01%,
there is a strong melting temperature dependence on

cross—linker concentration, indication that significant
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changes in the collagen structure due to cross-linking
are produced by cross-linking at glutaraldehyde
concentrations up to 0.01%. The melting temperature
changes observed on cross-linking at glutaraldehyde
concentrations up to about 0.01% are accompanied by
significant changes in the stability of the material, as
measured by solubilization by an ionic detergent and
resistance to proteolysis, as will be considered below.
That is, the melting temperature changes correlate with
and thus provide a measure of the increased stability of
the material. 1In practicing the invention, the
cross-1inking is carried out under conditions which
produce an increase in melting temperature of at least
about 10°C, and preferably 15°C or more.

At glutaraldehyde concentrations abdue about
0.01% (or concentrations of other cross-linking agents
which produce a comparable degree of cross-linking), the
extent of cross-linking can be more accurately gauged by
the number of lysine residues present in the
cross—1inked material. This assay is based on the
gradual loss of free lysine residues in the collagen, as
more of the free amine groups become involved in
cross—linking. To measure lysine content, collagen
samples are reduced, hydrolyzed, and analyzed for amino
acid composition according to standard methods. The
number of lysine residues is typically expressed in
terms of number of residues per thousand, based on a
comparison of the lysine/alanine ratios of
noncross—-linked and cross-linked collagen samples.
Figure 2 (McPherson) shows the lysine content of
collagen fibrillar samples cross-linked with increasing
concentrations of glutaraldehyde, up to 1%. The lysine
content in noncross—linked material is 28 residues per
thousand. Between 0.01% and 1% glutaraldehyde, there is
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a fairly linear relationship between the log
glutaraldehyde concentration and the disappearance of
lysine residues. At 1% glutaraldehyde, about 85 percent
of the total lysine residues have been destroyed.
Presumably, the remaining free lysine groups are
sterically shielded or otherwise relatively unavailable
for c¢ross-linking.

The cross-linking reactions may be quenched,
after a specified reaction time, by adding an excess
free amine, such as lysine, to the reaction mixture.
After the cross-linking reaction has been terminated,
the cross-linked atelopeptide collagen product may be
washed with an aqueous buffer solution to remove '
unreacted aldehyde, aldehyde polymers, and, if quenching
is employed, unreacted quenching agent and
aldehyde-quenching agent adducts. A sodium
phosphate-sodium chloride buffer solution, pH 6.9 to
7.4, is preferred.

C. Physical Characteristics

In addition to above-noted changes in melting
temperature and lysine content, the cross-linked
material shows significant changes in a number of other
physical/chemical properties which are related to
biological stability, size, and/or injectabil.ty. The
changes which reflect increased stability include
solubility of the material at 45°C and in the presence
of a strong donic detergent, and susceptibility of the
cross-1linked material to degradation by proteolytic
enzymes. Significantly, these stability changes, like
the changes in melting temperature, are most dramatic in
material cross-linked at glutaraldehyde concentrations
less than or equal to 0.01%.
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The neutral solubility of various collagen
samples was determined by heating the samples to 45°C in
phosphate~buffered saline (PBS) for 30 minutes,
centrifuging the sample to remove insoluble material,
and determining the amount of collagen in the
supernatant by a conuventional hydroxyproline assay
(Jamill). The noncross-—linked sample was completely
solubilized at 45°C. It is noted that this melting
temperature is roughly 10°C less than the 55°C melting
point observed for noncross-linked material by
calorimetric measurement (Figure 1B). This difference
is due in part to the relatively rapid heating rate
(10°C/minute) used in the calorimetric measurement,
which caused the effective melting temperature to lag
the actual calorimeter temperature by several degrees,
and is also due to the fact that over an extended
heating period, the fibrillar material can progressively
melt or dissociate the collagen fibers at 45°C, whereas
rapid melting requires, as observed in the calorimeter
measurement, higher temperature.

It has also been observed that in the presence
of the contrast agent diatrizoate meglumine, 7
noncross—linked fibrillar collagen melts at around
physiological temperatures, the lowered melting
temperature presumably resulting from a destabilizing
effect of the contrast agent on fibrillar organization.
This effect may account, at least in part, for the poor
biological persistence of noncross-linked material
containing contrast agent.

Cross-linked fibrillar collagen, whether
cross—linked with 0.01%, 0.1%, or 1.0% glutaraldehyde,
showed less than 0.5% solubilization at 45°C
(Delustro). This result is consistent with the above
calorimetry melting temperature data, showing that
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cross-linking with 0.01% glutaraldehyde increases the
melting temperature of the material by up to 20°C. The
increased biologic persistence of lightly cross-linked
material containing contrast agent, seen below, also
suggests that the cross-linked structure may be less
susceptible to the dissociative effects of contrast
agent. That is, the extent to which contrast agent
lowers the melting temperature of cross—linked material
would be expected to be less than that seen for '
noncross—linked material.

Analysis of the cross-linked material by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) also shows that cross-linking at low
glutaraldehyde concentrations is effective to produce a
significant increase in fiber cohesiveness. In this
study, samples cross-linked with either 0%, 0.001%,
0.0025%, 0.005%, or 0.01% glutaraldehyde were
solubilized in SDS with heating before fractionation by
SDS-PAGE. The noncross-1linked sahple and that
cross—linked with 0.001% glutaraldehyde .both showed
strongly stained bands at positions correspbnding to
el and a2 collagen subunits. The material
cross-linked with 0.0025% glutaraldehyde showed a single
weakly stained band at.the position corresponding to
¢l, and the two remaining samples -{cross-linked at
0.005% and 0.01% glutaraldehyde) showed no detectable
soluble bands in the gel (McPherson). The results
demonstrate extensive cross-linking of the subunits
making up the collagen fibers, even at 0.005%
glutaraldehyde.

Another measure of the stability changes which
occur on mild cross-linking is resistance to degradation
by proteolytic enzymes, such as trypsin and

collagenase. This effect was demonstrated in a protease
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sensitivity assay in which a fibrillar collagen
preparation, at a concentration of 1 mg/ml in PBS was
reacted with either trypsin or collagenase, at an enzyme
substrate mass ratio of 1:500. Following incubation at
37°C for various times, the reaction was stopped by the
addition of trichloroacetic acid (TCA). After
centrifuging the samples to remove precipitated protein,
the supernatant fraction was assayed for TCA-soluble
peptides by a fluorescamine assay (Udenfriend). Figure
3 shows the amount of collagen release produced by
collagen, expressed as a percentage of total degradable
collagen, over a two hour incubation period for
noncross-linked material (triangles) and collagen
cross—linked with 0.075% glutaraldehyde for 16 hours
(circles). As seen, cross—-linking substantially
prevented the progressive protease degradation observed
with noncross—linked material. Similar results were
also observed for trypsin treatment of the two collagen
preparations (McPherson).

The fiber size characteristics of the
cross-linked material have also been investigated.
Electron microscopy of collagen material cross-linked
with 0.007% glutaraldehyde shows mean fiber sizes about
5 micrometers (standard deviation of about 2) times 72
microns (standard deviation of about 40). Electron
microscopy of fibrillar collagen treated with 0.01%,
0.1%, or 1.0% glutaraldehyde revealed only modest
differences in fiber organization, with increasing
cross-linking (McPherson). These differences include a
slight increase in fiber diameter, at higher
glutaraldehyde concentration. 1In addition, at the
highest glutaraldehyde concentration (1.0%), the
formation of fibrillar lattices was observed, presumably
due to interfibrillar cross-linking.

“
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In addition to stability and size
characteristics, flow characteristics, such as
viscosity, alsoc should be considered in preparing
cross-linked vaso-occlusive collagen. In particular,
where the cross-linked collagen is to be administered in
relatively dilute form through a small-bore catheter,
the material should (a) resist spiking and clogging, and
(b) have a viscosity which allows flow through the
catheter at moderate extrusion pressures. Spiking --
referring to high pressure transients which are
encountered during extrusion -- and clogging are due to
macroscopic fibrillar networks that can form during
material flow through a small-bore tube. In general,
these problems become more serious at higher protein
concentrations and with a greater degree of
cross-linking. One important advantage of screened
cross-linked material, ©s brought out in the above-cited
patent application, is that spiking and clogging are
substantially eliminated, at least in lightly
cross-linked material.

Cross-linking also increases the viscosity of a
collagen fiber suspension, -although the increases are
well within the acceptable limits for delivery by
small-diameter catheters. To illustrate, the
viscosities of fibrilla.-iollagen. before and after
cross-linking with 0.0075% glutaraldehyde were measured
by conventional viscometer methods (McPherson). The
viscosity versus shear rate for noncross-linked and
cross-linked collagen are shown in Figures 4A and 48,
respectively, with each figure showing plots measured at
three different protein concentrations, as indicated in
the drawing descriptions. 1In both preparations,
viscosities were dependent on.shear rates —-

characteristic of non-Newtonian polymer fluids -- and
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both preparations exhibited shear-thinning, i.e., showed
reduced viscosity with ihcreasihg shear rate. The
latter property is due to increasing alignment and less
interfibrillar interference at higher shear rates. Both
preparations also showed increasing viscosities with
increasing protein concentrations, reflecting the
increasing interference of fibrillar particles with each
other during flow. At comparable protein
concentrations, the cross-linked collagen was 2-3 times
more viscous than the noncross-linked material, in the

shear rate range indicated in the figures.

D. Collagen/Contrast Agent Composition

In one embodiment of the invention, the
vaso-occlusive composition includes a mixture of the
cross-linked collagen material and a radio-opaque
contrast agent which allows the material to be monifored
fluoroscopically after embolization. Preferred contrast
agents include various iodine-containing organic
compounds such as diatrizoate meglumine, diatrizoate
sodium, ipodamide meglumine, iothalamate meglumine,

iothalamate sodium, metrizoic acid, methiodal sodium,

_ metrizamide, iohexol, iopamidol, and ioxaglate.

Tantalum powder and barium sulfate may be used in thc
invention. Many of these ééents are supplied
commercially in sterilized solution or suspension rorm,
at a concentration of between about 20-80 weight percent
contrast agent, for use in x-ray fluoroscopy.

The concentraﬁibn of cross—linked collagen in
the composition is selected to produce desired viscosity
(flow) characteristics for use in embolization, and
sufficient contrast agent to allow the composition to
permit the composition to be visualized under
radiographic (X-ray) examination. 1In a preFerFed method
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for preparing the composition, a concentrated form of
the collagen material, e.g., at a collagen concentration
of between about 30-65 mg/ml collagen, is diluted with a
suspension or solution of contrast agent to produce the
desired final collagen concentration. If necessary, a
suitable physiological buffer, such as a concentrated
citrate, bicarbonate, or phosphate buffer, can be added
to stabilize the pH within a physiologically acceptable
range.

The final concentration of the collagen is
adjusted to produce flow characteristics which are
compatible with the intended use. Where the
cross-linked material is to be used for occluding small
branch arteries, e.g., in the 20-250 micron size range,
the material is prepared at a concentration which allows
flow-directed deposition of the material from a supply
artery into the smaller branch arteries. Collagen
concentrations of between about 0.5-15 wmg/ml, and
preferably between about 1 and 5 mg/ml, are suitable for
this application. -However, it is noted that even
relatively thick collagen compositions have given
vaso-occlusive effects which indicate directed flow
from the site of infusion into smaller branch vessels.
For occluding large vessels and/or vessels in which the
material is introduced in a retrograde fashion, against
the flow of blood in the vessel, or into a large
arterial vessel, a thick, pastelike composition is
prepared. Here collagen concentrations of greater than
about 15 mg/ml and as high as 40 mg/ml are suitable. 1In
high-concentration formulations, it may be necessary,
after addition of a contrast agent, to remove excess
water from the suspension, and this can be done by known

methods, such as centrifugation or ultrafiltration.
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An important feature of the collagen/contrast
agent composition just described is its ability retain
its reconstituted fibrillar form in vivo. It is known
that contrast agents can strongly solvate collagen
fibers, lowering the fiber melting point by reducing
intermolecular cooperativity. Introducing cross-links
into the collagen fiber increases its melting point, as
seen above, allowing the collagen to remain active (in
fibrillar form) in the presence of contrast agent at
physiological temperatures.

E. Collagen/Drug Composition

The invention also includes a collagen/drug
composition designed for localizing a therapeutic agent
at a target site, by drug release from a vaso-occlusion
mass at the target site. The composition is formed by
mixing the cross~linked collagen suspensi~n from above
with the selected drug or drug agents, at a ratio which
gives a desired dose of drug in a volume of collagen
which is needed to produce vaso-occlusion at the target
site. Preferably, the drug is added to the abouve
collagen/contrast agent composition, sllowi:g the’
distribution of the drug-containing- collagen material to
be monitored fluoroscopically. 1In one areferred
embodiment, a cross-linked collagen which has been
diluted with contrast agent, as above, .to produce a
desired suspension viscosity, is mixed with a given
amount of drug, in a relatively small solution «olume,
to yield a composition having the selected viscosity and
collagen-to-drug ratio.

Where the composition is used for tumor
therapy, the drug is a selected ahtitumor agent, such as
adriamycin, cisplatin, 5-fluorouracil, or a steroid
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hormone, such as tamoxifin. Methods of tumor treatment
using such compositions are detailed below.

Alternatively, the drug may be an antimicrobial
agent, such as one of a number of known antibacterial
drugs or drugs directed against various parasitic
organisms which are known to localize in specific
internal organs, particularly the liver.

The therapeutic agent may include a peptide or
protein agent, such as a peptide hormone, or an
immunostimulator, such as interleukin and interferon.
The peptide composition, when infused into a suitable
vascular site, is be useful in certain types ¢f hormone
or antitumor therapy where peptide localization near an
occludable vascular site is advantageous.

IT. Vaso-Occlusion Methods

A. Small-Uessel Vaso-Occlusiaon

In one general treatment method, the
cross-linked collagen composition is used for occluding
small arterial vessels in a selected tissue region. The
size of vessels occluded is preferably in the 20-250
micron range, so that occlusion occurs distal to the
collateral circulation in the tissue region. The
ocrluded tissue region is then cut off from direct blood
supply, and also from collateral blood supply which
feeds the tissue collaterally through small branch
arteries.. This vaso-occlusive method has a number of
applications. One application is based on the use of
small-vessel vaso-occlusion to. produce ischemic
tissue-necrosis effects in solid tumors, by persistent
vaso-occlusion in the small vessels supplying the
tumor. Two additional applications, involving a

combination of vaso-occlusion and hyperthermia or
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chemotherapy, are discussed separately below. Other
applications are for treating hemorrhaging in injured
tissue or sealing off a tissue region prior to surgery.
These applications follow the general strategy and
collagen delivery techniques now to be described.

Figure 5 shows anatomical features of a tissue
10 containing a localized region 12 whose small arterial
supply vessels are to be occluded. It is understood
that region 12 may be a localized tumor region, an
impaired region where hemorrhaging is occurring, or
other tissue region at which persistent vaso-occlusion
is desired. The upper portion of the localized region
is defined by the dashed line seen at 14, and the lower
portion, by an arterial vessel 16 which supplies the
tumor with blood, in the direction of arrow 16a. The
tissue surrounding the localized region is indicated
generally at 18.

As shown in the figure, the tissue, includihg
region 12, is supplied from a network of small blood
vessels which branch from vessel 16. The network, which
is shown in - -simplified form in the figure, includes (a)
primary vessels, such as vessels Z0, 22 branching from
vessel 16; (b) secondary vessels, such as vessels 24,
26, 28 branching from the primary vessels; and (c)
tertiary vessels, such as vesseic 40, 32, 34 branching
from the secondary vessels. -fhe blood supply network
also includes a capillary bed (not showr) supplied by
the smallest vessels. Vessel 16, which forms the trunk
of the blood-supply network just described, has a
typical lumen diameter between about 1 to 5 mm. The
secondary and tertiary vessels characteristically have
diameters ranging between about 10 to 500 microns, and
the primary vessels, intermediate sizes, i1.e., between
about 200 and 1,000 microns.

?
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It is observed from the figure that the
secondary and tertiary vessels contain extensive
interconnections, distal to their respective primary
vessels. These interconnections form a collateral
supply system which allows blood to be supplied to the
smaller vessels from primary vessels other than those
directly supplying blood from vessel 16. For example,
tertiary vessel 30 within the tumor region may be
supplied blood collaterally from primary vessel 22
disposed within normal tissue. Usually, the collateral
system becomes an important supply source for the tissue
only after primary vessels are blocked or otherwise
damaged. '

In practicing the vaso-occlusive method,
cross-linked fibrillar collagen suspension prepared as
above is injected by a catheter into vessel 16, where
the material is carried by blood flow into the small
tumor branch arteries fed by by the vessel. Where, as
here, the sizes of branch arteries to be occluded are in
the 20-250 micron range, the collagen suspension is
preferably formed to have final cross-linked fibers also
in this size range. For producing biological
persistence of a few months or longer, the material
shduld be cross-linked under conditions which produced
moderate~to-heavy cross-linking, such as at
glutaraldehyde concentrations of between 0.01% to 1%,
and under these conditions, the final fiber sizes may be
larger than the smallest vessel sizes. This problem can
be minimized, as noted above, by initially screening the
reconstituted collagen fibers before cross-linking.

The collagen suspension is formulated to a
final concentration of preferably between about 0.5 and
15 mg collagen/ml, and more preferably between 1 and 5
mg/ml collagen, which allows the material to be
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administered readily from a small-bore catheter, and to
be carried by blood flow into the small branch vessels.
The infused material preferably includes contrast agent,
for fluoroscopic monitoring of collagen distribution at
the target site. '

A preferred type of catheter for use in
delivering the collagen material is a double-balloon
catheter of the type disclosed in co-owned U.S. Patent
Application for "Catheter Device", Serial No. 803,806,
filed December 2, 1985. This catheter, which is shown
at 40 in Figure 1, has a pair of balloons 42, 44 which
are independently inflatable, in _situ, by pneumatic
supply tubes 46, 48, respectively. The collagen
suspension is supplied to the vessel through a third
tube 50 which terminates adjacent the upstream balloon
and which encases tubes 46, 48, up to the position of
balloon 44. Tube 46-is carried slidably within tubes 50
and affixed to a metal guide wire (not shown), allowing
downstream balloon 42 to be moved axially with respect
to the upstream balloon, with the catheter placed in the
vessel, to produce a desired spacing between the two
balloons.

In operation, catheter 40 is threaded along the
vessel of idnterest, énd may be used initially, in a
conventional manner, fsr delivering a radio-opaque agent
to the vessel, For>purpbées of localizing the tumor
and/or its supply vessel. The catheter is then
manipulated to place the-ugstream and downstream
balloons adjacent the upstream and downstream ends of
the vessel segment feeding region 12. This arrangement
is illustrated in Figure 1, showing balloons 42, 44
positioned adjacent the opposite ends of region 12. The
balloons are then inflated, constricting the vessel
adjacent opposite sides of the tumor, and the '
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vaso-occlusive material injected under pressure into the
vessel segment. It can be appreciated that the catheter
allows the occlusive material to be injected into the
localized region under pressure, and in a highly
localized manner.

In a second general anatomical configuration
(not illustrated), the tissue region to be treated is
supplied by an arterial vessel which feeds into——i.e.,
terminates within--the region. With this configuration,
the occlusive material can be injected into the tissue
site selectively using a single-balloon catheter to
occlude the upstream side of the injection site, or may
be injected under low pressure without vessel occlusion.

The volume of vaso-occlusive material which is
injected into the tissue site will vary according to (a)
the concentration of occlusive material, (b) size of the
region 12, and (c¢) the extent to which the injected
material can be localized at the target site. In a
typical vaso-occlusion procedure, for occluding a tissue
region having a volume between about 5 and 1000 cc, and
using a collagen material at a concentration of about
0.5 to 5.0 mg protein/ml, the total volume of material
injected is between about 1 and 200 ml. More generally,
the injecting step may be carried out by following the
infusion of contrast/collagen material into the region,
by real-time fluoroscopy, and injecting material until a
selected-size region becomes occluded. Adequate
occlusion is indicated by progressive slowing of normal
flow until complete cessation and ultimately, reversal
of direction of normal flow is obtained.

The vaso-occlusive method just described is
illustrated in Example 2 below, in which the degree and
persistence of cross-linked collagen in the vascular bed
supplied by the femoral artery in dogs was examined.
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The collagen suspension used was cross-linked with
0.0075% glutaraldehyde, diluted with contrast agent to
about 15 mg/ml, and infused by catheter into the
arterial site. At two days, two weeks, and two months
after administration, tissue sections from the
vaso-occluded areas were removed and examined
microscopically. The sections showed substantial -
vaso-occlusion in the vessels, even after two months.
By contrast, three other collagen compositions prepared
by prior art methods showed complete or nearly complete
loss of occlusive material after two weeks for two of
the compositions, and after two months for the third
composition. _

The histological appearance of vaso-occluded
vessels, over a two month period, is illustrated in
Figures 6A-6C, which are representations of actual
photomicregraphs of hepatic vessels, ranging roughly
between 75 and 150 microns in size, occluded with a
collagen fiber suspension cross-linked with 0.0075%
glutaraldehyde, and examined one week (6A), one months
(68), and twormonths (6C) after vaso-occlusion. The
hlood vrssel in each figure is indicated at 52. As seen
in Figure 6A, the vessel is initially completely blocked
with the vaso-occlusive mass, shown here by a fibrillar
network pattezi. After one month, the vessel shows
evidence of recanalization, as endothelial cells lining
the vessel, indicated at 50, begin to engulf the ‘
collagen mass. This process of recanalization is
further established after two months (Figure 6C),
although more than half the cross—-sectional area of the
lumen remains occluded.

The effects of persistent vaso-ccclusion in
liver have also been examined, to demonstrate the
feasibility of treating liver tumors by persistent
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arterial vaso-occlusion. The liver is somewhat unique
as a tumor site in that normal liver tissue receives
about 70% of its oxygen needs from the portal venous
blood supply, but hepatic tumors themselves are
generally supplied entirely by arterial vessels. This
offers the potential of treating liver tumors by
generalized arterial vaso-occlusion, with tumor tissue
showing greater ischemic damage because of the greater
dependence on arterial blood supply. Here it is noted
that generalized arterial vaso-occlusion of an entire
lobe or segment of liver is often the only practical
method for targeting the liver, due to the difficulty of
identifying specific tumor supply vasculature in the
liver.

Heretofore, various strategies for producing
arterial occlusion sufficient to achieve selective tumor
necrosis in liver have been proposed. Hepatic tolerance
to arterial occlusion by ligation or to embolization
with nonbiodegradable particles suggest a preestablished
network of intrahepatic collateral arterial channels.
That is, collateral arterial circulation is sufficient,
along with normal portal blood supply, to prevent liver
necrosis. Complete arterial occlusion, however, leads
to liver necrosis. This has been demonstrated
surgically (Mays, Popper), with polymerized liquid
silicone (Doppman), with repetitive occlusion using 150
and 250 micron nonbiodegradable particles (Stridbeck,
1984), and with 150-250 micron particles coupled with
proximal occlusion (Stridbeck, 1985). These studies,
taken together, establish that portal venous blood
supply is not sufficient to support hepatic oxygen needs.

In the specific liver embolization method
described in Example 3, animal livers were embolized via
the hepatic artery with the above collagen/contrast
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agent composition, by infusing material into the artery
until no significant antegrade flow of contrast material
was observed. Histological examination of livers from
animals immediately after vaso-occlusion showed collagen
material in vessels between about 20-250 microns. There
was no evidence of thrombosis in the embolized vessels.
Changes in serum transaminases, bilirubin, and
alkaline phosphatase over a 28 day period following
embolization are shown in Figure 7. The changes seen
are consistent with severe, but reversible ischemic
hepatic injury. Recovery of hepatic function began
after 48-72 hours, and was complete within one week to
one month. During the early period of recovery, '
recanalization of the vessels was apparent, as a
vascular space is formed around the collagen by
migration of endothelial cells. The correlation between

fistological and biochemical changes suggests that

recanalization, and not collateral arterial supply, is
the dominant factor in the recovery of hepatic function
aft-r embolization with collagen.

Long-term liver—function histological studies
snowred that the collagen is resorbed from the hepatic
arterial vascular space over a three month period, and
fhat the liver is restored anatomically and functionally
to ‘its pr2zembolized state. Resorption takes place
without morphological evidence of inflammation or
macrophage activity.

" as part of the study, several animals were
repeatedly embolized at two-week intervals. The 7
procedure was well tolerated, and only produced definite
hematological and liver function abnormalities at high
collagen doses.

The study indicates that the vaso-occlusive
method of the invention, when applied to generalized
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arterial vaso-occlusion in liver, produces effective
arterial blockage, but allows sufficient recovery by
recanalization, to prevent long-term liver damage and
necrosis. At the same time, the occlusion of vessels in
the 25-250 micron size range is effective in blocking,
at least partially, collateral arterial circulation, so
that arterial circulation through the occluded region of
the liver is restricted. This is in contrast with prior
art approaches, which either allowed substantial
collateral circulation in the occluded region, or as in
the case of injected silicone and other irreversible
occlusive agents, produced significant liver necrosis

related to long-term ischemic effects.

B. Hyperthermic Tumor Treatment

It has been discovered, according to one aspect
of the invention, that localized small-vessel
vaso-occlusion provides a significant and unexpected
enhancement in differential heating achievable in
hyperthermic treatment of tumors. The desirability of
enhancing temperature differential effects in
hyperthermic cancer treatment is related to the greater
rate of tissue destruction which occurs at increasing
tissue temperatures above about 42°C. The general rulez
is that each degree increase in tissue temperature
approximately halves the time required to producera
given amount of tissue damage. Thus if a given amount
of tissue damage results from heating the tissue at 42°C
for two hours, the same amount of damage is produced in
an hour at 43°C, and in one-half hour at 44°C. The
present invention, in contrast to earlier vaso-occlusive
methods for enhancing hyperthermic effects, such by
arterial clamping, provides typical temperature
differentials of at least about 2° C between occluded
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and adjacent nonoccluded tissue regions, and therefore
allows for significant localized tumor necrosis effects
for a heating period which does not seriously destroy
adjacent nonoccluded tissue.

In practicing this aspect of the invention,
conventional radiographic or surgical methods are used
to locate the target tumor region and, preferably, a
arterial vessel which supplies this region. In a
typical method, a catheter designed to release a
(radio-opaque) contrast material into the blood is
threaded through the arterial system toward the
suspected tumor site. The region of interest is
monitored fluoroscopically as the contrast material is
released. From the observed rates of flow of material
through the vessels, and the patterns of accumulation of
material in the tissue, the tumor(s) can be localized,
and the major vessel(s) supplying the tumor identified.

As discussed abouve, the tumor may be supplied
from a segment of an arterial vessel (the configuration
shown in Figure 5), by an end-artery system, or may be
localizable only generally, as with many liver tumors.
In the first case, the vaso-occlusive agent is
administered preferably as described above, using a
proximal or doubXM-balloon catheter to direct the
embolic material into the vessel(s) supplying the target
region. Similarly, for an end-artery system, simple
catheter arterial infusion, or infusion with proximal
balloon occlusion, is suitable. Methods for producing
generalized vaso-occlusion, for example by infusing
collagen material into the hepatic artery, are described
above,.

According to an important feature of the
method, the vascular occlusion produced by the injected
collagen material is confined substantially to the
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secondary and tertiary vessels in the tumor, including
vessels or vessel portions wHich are distal to
collateral vessels which may also supply the tumor
tissue. The occlusive material thus acts to restrict
blood flow to the tumor from both direct and collateral
sources, as discussed above in Section IIA.

After embolization of the target tissue, the
occluded region is heated under conditions which produce
selective tissue necrosis. A variety of known methods
for heating tissue may be used. These include microwave
and ultrasonic heating, and where the tumor region lies
close to the body surface, dielectric heating or direct
contact with a heating pad. Methods for operating and
controlling such heating devices, to achieve focused
heating in a selected tumor region, are known.

The tumor is preferably heated to a temperature
of between about 42° to 46°C. The heating temperature
will typically be one at which a significant temperature
differential between occluded tumor tissue and
nonoccluded tissue is achieved. The tumor temperature
is preferably raised until a desired temperature
differential of preferably between about-2° and 4°C is
attained. Because of the localized nature of the
vaso-occlusion, and the occlusion in small vessels which
are distal to collateral circulation, heat Jdif{erentials
of 2° C or more are generally attainable. The
temperature of tumor and adjacent, nonoccluded tissue
can be measured in a conventional manner, for example,
by placing thermocouples, thermistors or other types of
temperature probes at or near the tumor site. The
probes may be positioned conveniently by catheter
placement in many cases.

The tumor is heated at the above temperature

and/or temperature differential for a period calculated
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to produce selective tumor destruction. The extent of
tissue destruction generally increases proportionally
with increased heating time above about 42°C, and, as
noted above, this time becomes proportionally less as
the tissue temperature is raised. The amount of tissue
destruction produced under defined temperature and time
conditions can be measured directly, such as by
determining the metabolic activity or histological
features of biopsied material after treatment.
Preferably, to avoid surgical invasion, the heating is
applied for a period which has been determined from an
earlier experimental or clinical study to cause
significant tissue damage. The heating period will
generally range between a minimum time, at which only
minor tissue'damage in the adjacent, nonoccluded tissue
occurs and a maximum time, at which tissue destruction
in the occluded tumor begins to plateau. Typically, the
tumor is heated for between about 2-8 hr at a tumor
temperature of about 42°C, and for proportionately

shorter time periods at temperatures above 42°C. It can

be appreciated that, with a temperature differential of
2°C or greater, the heating time can be adjusted to
produce at least about four times more tissue necrosis
in the occluded tumor tissue than in the adjacent,
nonoccluded tissue. If necessary, the occluded tumor
may be heat-treated in the above manner at selected
intervals during the several weeks or months of
persisfence of the occlusive material. The use of
hyperthermia in treating various spontaneous tumors is
described in Example 4 below.

C. Chemoembolization

Experiments carried out in support of the

invention, and reported in part in Examples 5 and 6,
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demonstrate that the vaso-occlusive method of the
invention can be used for localizing a drug agent
selectively in a vaso-occluded target site. The method
is referred to herein as chemoembolization.

A collagen/drug composition suitable for the
chemoembolization method is described in Section IE
above. A preferred composition contains cross-linked
collagen diluted to a desired concentration with a
cross-linking agent and mixed with a selected
concentration of drug. Usually the contrast agent and
drug are admixed with a thick collagen suspension
shortly before administration. The concentration of
drug in the final composition mixture is calculated to
provide a desired drug dosage when a given amount of
collagen (that needed to produce effective
vaso-occlusion) is infused into the target site. The
required amount of collagen is tvpically estimated from
experience and/or by extrapolating animal vaso-occlusion
data to human subjects.

Alternatively, an initial vaso-occlusive dose
of drug-free collagen can be infused into the target
site, followed by the desired dose of drug, either
administered in pure form or in combination with
additional collagen. It is also noted that since
long-term vaso-occlusion may not ke required for drug
localization, the collagen material may not need to be
chemically cross-linked to provide long-term occlusion.
It will be understood further that the presence of
contrast agent, although convenient for determining the
distribution of the collagen material in_situ, is not
required for achieving drug localization according to
the method.

The study reported in Example 5 illustrates the
use of chemoembolization in liver where. Briefly, a
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composifion containing cisplatin, cross-linked collagen
and contrast agenﬁ was infused into the hepatic artery
over a 30 minute period. For purposes of comparison,
the same dosage of cisplatin was administered iv, by
intra-arterial infusion (free drug), and intra-arterial
infusion of free drug with proximal balloon occlusion.
The levels of cisplatin present in the kidney, right and
left liver, muscle and plasma two hours after drug
administration are shown in Figure 8 for the four routes
of administration. @s seen, drug localization by
chemoembolization was about 2.5 higher in the right
lever than by the other three routes of drug delivery,
and comparable to the other routes in nonhepatic '
tissue. Interestingly, intra-arterial infusion, even
with proximal balloon occlusion, did not enhance drug
localization in the liver, suggesting that balloon
occlusion was secondary to continued collateral blood
flow. The results demonstrate that significantly
enhanced enhanced drug targeting effect can be achieved
by chehoembolization even in the liver, where the normal
oxygen needs of the tissue are supplied by portal vein
and collateral blood flow, as well as direct arterial
flow.

To demonstrate the effectiveness of the method
in an end-artery system, a'cisplatin/collagen
composition was infused into a left kidney region
supplied by a single arterial supply vessel. Drug
levels in the right and left kidneys, right and left
liver and lung were compared about two and a half hours
after drug infusion. For comparison, the same amount of
drug was also administered iv and by intraarterial (left
kidney) infusion. The results, which are reported in
Example 6, are shown in Figure 9. As seen, drug

localization was highly specific for the site of
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vaso-occlusion, and as in the liver system, much greater
for chemoembolization than intra-arterial infusion into
the same vessel site.

Figure 10 shows drug localization in right and
left kidneys as a function of collagen concentration in
the collagen/drug composition. As seen, increasing the
collagen concentration increased the drug level in the
occluded left kidney, and decreased the drug level in
the nonoccluded kidney. At the highest collagen
concentration, the drug level in the occluded kidney was
over two orders of magnitude greater than in the
nonoccluded kidney, demonstrating the high degree of
drug localization which can be achieved in an end—értery
system.

From the foregoing, it can be appreciated how
various objects and features of the inuvention are met.
The vaso-occlusive method of the invention permits
vaso-occlusive treatment to be extended to periods of up
to several weeks or months, and with periodic repeated
infusion, for longer periods. As a result, a variety of
treatment strategies inuoluing long-term occlusion are
now possible. These include long-term occlusion of a
localized tumor regiomn, to starve the tumor of oxygen
and nutrients and to allow repeated treatments, such as
by hyperthermia, in conjunction with vaso-occlusion, and
treatment of aneurisms and varicose vein, by long-term
blockage of large blood vessels.

The cross-linking conditions used in preparing
the vaso-occlusive material are readily manipulated to
produce desired biological persistence, size, and
viscosity characteristics. In particular, the
biological persistence of the material can be varied
selectively according to the extent of cross-linking,
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and such can be readily monitored, under
light~to-moderate cross-linking conditions, by changes
in the thermal melting temperature of the material, and
under moderate-to-heavy conditions, by changes in the
free lysine content of the material.

The material can be mixed with a conventional
contrast agent, such a diatrizoate meglumine, to form a
stable suspension, and without apparent loss of
biological persistence. Further, the advantageous
properties of atelopeptide collagen for use in
vaso-occlusion -- including its favorable immunogenic
and flow characteristics -- are preserved.

When combined with hyperthermic tumor
treatment, small-vessel vaso-occlusion provides
significantly enhanced differential heating and tumor
necrosis effects, with respect to prior art hyperthermia
methods. Vaso—-occlusion also provides an effective
method for iocalizing a therapeutic drug or radieoimaging
compound at the site of the vaso-occlusion, particularly
when the collagen/drug material is applied to an
end-artery system: The results presented herein show
that drug localization can be enhanced two orders of"
magnitude over that seen with iv or conventional

intra-arterial drug infusion.

The following examples illustrate varirus
collagen vaso-occlusive compositions and their use in
long-term small-vessel vaso-occlusion, hyperthermia and
drug delivery. The examples are in no way intended to

limit the scope of. the invention.
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Example 1
Preparation of Vaso-0Occlusive Material

A. Reconstituted, Noncross-linked Collagen Suspension

Bovine hide was softened and depilated by
treatment with an aqueous acetic acid solution. The
hide was then comminuted and dispersed in aqueous HCI,
pH 2, at a concentration of 10-30 g/1. A freshly
prepared pepsin solution (0.5 g in 10 ml 0.01 M HC1l) was
added to the dispersion at 0.1% by weight based on total
protein, and the mixture was allowed to incubate for
about 100-300 hours at 15 - 20 C. Following pepsin
treatment, NaOH was added to raise the pH of the '
incubation medium to above 7.0 to denature the pepsin,
and thereby terminate the reaction. The solution was
then purified and brought to a final concentration of 3
mg/ml in dilute aqueous HCL, pH 1-4.

The collagen fibril solution was reconstituted
by adding 0.2 M NazHPO¢ to neutralize the solution.

The solubilized collagen fibrils were allowed to
aggregate for two hours at 15°-22° C, to form the fiber
suspension. The material was mechanically screened by
repeated nassage through a 60 mesh wire screen,
according to the procedure described in Section IA.

B. Cross-linked Collagen Suspension

To 165 ml of the reconstituted collagen
suspension, at a concentration of about 3 mg/ml, was
added 18.3 ml of 0.075% glutaraldehyde at pH 3. The
glutaraldehyde solution was added gradually with
stirring to obtain a final concentration of 0.0075%.
After a reaction period of 16 hours, the cross-linked
collagen was washed three times with approximately 100
volumes of buffer, 0.02M Na2P04, 0.13 NaCl, pH 7.4,
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with centrifugation at 17,000 x g for 5-7 minutes
between each wash, The material was resuspended to a
final suspension containing about 30 mg/ml collagen in
0.9% NaCl, 25 mM POA, pH 7.2.

Example 2
Vaso-Occlusive Persistence of Various Collagen Materials

The biological persistence of cross-linked
atelopeptide collagen fibers was compared with that of
three other collagen compositions. All four
compositions contained about 15-20 mg/ml collagen in
about 60% diatriazole meglumine in phosphate buffered
saline (PBS). The compositions are: '

A. Noncross—linked collagen prepared as
described in Example 1A, concentrated, then diluted with
the contrast agent to about 15 mg/ml;

' B. Cross-linked collagen, prepared as
described in Example 1B, and diluted with the contrast
agent to about 15 mg/ml;

C. Bone collagen, prepared by fragmentation,
decalcification, and trypsin hydrolysis, concentrated ,
and diluted with the contrast agent to about 2b mg/ml;
and

D. XRT, X-irradiated bone -ollzgen, prepared
as in C, but irradiated to 5,000 rads.. ,

Twenty~four mongrel dogs we e divided into
three groups according to the time at which they were
reexamined following intraarterial embolization with one
of the four collagen compositions. The animals in Group
I were examined at two days following embolization;
those in Group II were examined two weeks following
embolization; and those in Group III were examined two
months after receiving the collagen.
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All animals were anesthetized using Nembutal
induction followed by endotracheal intubation and
Halothane anesthesia. In order to carry out
vaso-occlusion, or embolization, a catheter was inserted
percutaneously into one of the femoral arteries and then
either the left or right internal iliac artery was
selectively catheterized. After a control angiogram was
performed, one of the collagen compositions was
injected. In order to minimize the morbidity associated
with the procedure, there was no attempt made to totally
obliterate the vascular bed of the vessels being
embolized. The distribution of the material could be
directly observed and the effect of the embolization was
periodically observed by test injections of contrast

-medium. An average of 3 to 4 cc of one of the

compositions was used for each animal. Immediately
foullowing embolization, a repeat angiogram was performed.

At 2 day, 2 week, or 2 month intervals, a
follow-up angiogram was performed and the animal was
sacrificed and tissue samples were taken from the region
of arteries which had been occluded. Sections from the
bladder base, the prostate, and, for control proposes,
the testis ipsilateral to the side of embolization were
taken from each animal. Following fixation in a 4%
Formalin solution, these were sectioned and stained by
conventional methods.

The angiographic studies were reviewed for
evidence of immediate and delayed effects of
vaso-occlusion. Regardless of the composition used, all
studies done immediately after embolization demonstrated
evidence of arterial blockage. However, for similar
amounts of compositions, much more effect was noted in
the studies done following embolization with Composition
B (glutaraldehyde cross-linked) than was the case with
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any of the other materials. All angiographic studies
done at a 2 week or 2 month interval showed less change
than did those done immediately after embolization. Of
the studies done at a two month interval, only the
animals embolized with Composition B showed definite
persistent evidence of blockage of arteries large enough

to be seen angiographically. Some angiograms done at a

2 week or a 2 month interval on animals embolized with

the other compositions showed indirect evidence of very
small arterial blockage, i.e;, asymmetries of flow and
arterial size, but did not demonstrate persistence of
the changes in the larger arteries that were seen on the
immediate post-embolization studies. .

The tissue sections were reviewed with special
attention to the persistence. of any collagen within
vascular structures as well as for the presence of an
inflammatory response both within a vessel or in a
perivascular distribution. In none of the sections was
collagen identiFied in a venous structure. No focal
inflammatory response was noted either in or around any
artery which contained intraluminal collagen.

No persistent collage. was identified in the
histological sections takesn at a 2 day interval after
embolization with Composi*ion A, and there was also none
present in the sections take: «iter a 2 day interval
from one of the two animals embolized with Composition
C. Otherwise persistent intraluminal collagen was found
in all sections taken at two days.- In the sections
taken at a two week interval, only those from the two
animals embolized with composition B and one of the
animals embolized with composition D showed
vaso—occlusion persistence. Sections taken at a 2
months interval showed no persistence of intraluminal
collagen in any of the animals embolized with
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Compositions A or D. A small amount of intraarterial
collagen was present in sections from both of the
animals embolized with Composition C and a large amount
was present in the arteries of the two animals which had
been embolized with Composition B. These results are
summarized in Table I below.

TABLE I
Persistence
Composition 2 days 2 weeks 2 months
A — - —
B ++ ++ ++
c +- - -4
D ++ e ==

*Slight

The plus (+) and minus (~) signs indicate
individual animals which showed persistence (+) or
absence (=) of intraluminal collagen.

Example 3
Effect of Complete Embolization
Cross-linked collagen prepared as in Example IA
(30 mg/ml in 0.9% NaCl, 25 mM POA, pH 7.2) was
suspended in 60% lothalamate meglumine at 4 ratio of

1:10 or 1:30 (final concentration of collagen was 3.0 or
1.0 mg/ml).

Mongrelhdogs weighing from 20 to 40 kilograms
were divided into three groups for embolization
studies. Prior to embolization, blood was obtained for
complete blood cell count, platelet count, albumin,
alkaline phosphatase (para-nitrophenyl method), serum
glutamic oxaloacetic transaminase (SGOT), serum glutamic

pyruvic transaminase (SGPT), lactate dehydrogenase
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(LDH), total bilirubin, uric acid, creatinine, blood
urea nitrogen and antibodiés to collagen. ‘

The hepatic artery was catheterized through a
percutaneous femoral approach using standard-5.0 and 6.3
Fr polyethylene angiographic catheters (Seldinger). The
hepatic artery was fluoroscopically visualized with 60%
iothalamate meglumine and flow patterns recorded. Bolus
injections of 5 ml were delivered at approximately one
minute interwvals into the common hepatic artery branches
until no significant antegrade flow of contrast media
within the hepatic artery was observed.

Gross necropsy was performed on all animals.
Tissue samples from liver, right kidney, lung, duodenum,
and pancreas wers immediately placed in buffered
formalin. Tissue sections for microscopic study were
stained with hematoxylin and eosin and Masson's

trichrome.

A. Group I: Acute

Two mongrel dngs underwent hepatic arterial
embolization with sacrifice immediately following the
procedure. Corlage.. was administerd at 3 mg/ml in 60%
iothalamate mealumine.

Group i  animals were sacrificed immediately
after embolizatio'i. - Cross appearance of tissues was
unremarkable. Histologic evaluation of liver revealed
collagen in vessels from 20 micrometers to 250
micrometers. The collagen was admixed with red blood
cells and was also visualized in vessels in the

duodenum, pancreas and gallbladder.

B. Group II: Chronic, Single Dose ,
Twelve mongrel dogs were preassigned to groups

for repeat angiography and sacrifice at 1 week (1 dog),
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2 weeks (1 dog), 1 month (2 dogs), 2 months (3 dogs),
and 3 months (2 dogs) after embolization. Three animals
died prematurely and were replaced during the course of
the study. Collagen was administered at 3 mg/ml in 60%
lothalamate meglumine. Sequential blood specimens were
obtained for all continuing animals.

Group II animals were to be followed for viable
times after single dose embolization. Seven of the 12
animals did well c¢linically and were followed as
scheduled. Lethargy and loss of appetite with
occasional emesis were noted on day 1. Weight returned
to normal within 10-12 days. A mild febrile response
occurred on days 1 to 3. '

Five of the 12 chronic dogs died as a result of
the procedure or became significantly 1i1l. In all of
these dogs there was evidence at necropsy of reflux
embolization into tissues in the distribution of the
gastroduodenal artery including the pancreas, duocdenum
and stomach. Gall bladder infarction was seen in two
animals. No evidence of embolization was seen in
spleen, lung, or kidney. The incidence of clinically
apparent reflux was a function of the total dose of
collagen. The seven animals doing well averaged 2.67
mg/kg (range 1.1-4.47) collagen. The five experiencing
reflux infarction received an average of 4.32 mg/kg
(range 2.81-5.53) collagen. Gross necropsy of animals
receiving from 1.10 to 2.81 mg/kg collagen was
unremarkable. Necropsies of those animals receiving
greater than 2.81 mg/kg collagen revelated various
abnormalities including liver fibrosis and splenomegaly,
ascites, and infarction of gallbladder, duodenum, and
pancreas.

Histologic evaluation of liver demonstrated
collagen in vessels from 20 micrometers to 250
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micrometers. Collagen was consistently identified in
liver tissue from animals sacrificed between 1 week to 2
months after embolization. The collagen fibers formed a
dense intravascular plug, similar to that seen in Figure
6A. Recanalization of the occluded vessels was seen as
early as 1 week and continued for 2 months after
embolization. Endothelial cells extended as a single
layer over the collagen surface, and vascular channels
developed within this endothelial cuff between vessel
wall and collagen, similar to what is shown in Figures
6B and 6C. No collagen was seen in the livers of
animals sacrificed at 3 months although small amounts
were visualized in the duodenum with no evidence of
recanalization. General microscopic anatomy of hepatic
structures including bile ducts was normal but no
post-mortem cholangiograms were performed.

Hemoglobin remained relatively stable.
Leukocytosis was noted during the first 2 weeks after
embolization. Mean platelet counts were sharply reduced
to 50% of haseline at 24 and 48 hours after
embolization. Recovery was noted at 1 week with
overshoot at- 2 weeks. No evidence for disseminated
intr.ascular coagulopathy was found in 3 of 3 studied
dogs.  Fibrinogen and protein levels were within the
lower limivs of normal levels, and the protamine test
rema“ned negative.

As seen from the data in Figure 7, liver
function tests (SGPT, SGOT, bilirubin, alkaline
phosphataée) for all animals demonstrated peak elevation
within 1 week with a gradual decline to preOembolization
levels within 12 weeks. Pretreatment and time of
sacrifice serum. samples were assayed for antibodies to

bouvine collagen. None were detected.

>
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C. Group III: Chronic, Repetitive Dose

Repetitive hepatic embolizations were performed
at two week intervals on four animals. In an effort to
protect the animals from inadvertent embolization of
adjacent structures, several procedural changes were
introduced before attempting Group III repetitive
embolization studies: (a) the collagen concentration
was reduced from 3 mg/ml to 1 mg/ml; (b) earliest signs
of flow arrest were more closely monitored
fluoroscopically; and (c) at completion of embolization,
blood was aspirated to clear residual collagen from the
lumen of the large access branch.

These animals were embolized with cross-linked
collagen (Example 18) suspended in 60% iothalamate
meglumine at a ratio of 1:30 (final concentration of
collagen, 1.0 mg/ml). Sequential blood specimens were
obtained for all continuing animals. The duration of
study was to be determined by animal's tolerance and
observed cumulative effect. One dog was embolized three
times, and three dogs were embolized five times. Two
subject dogs were sacrificed 3 days after the last
embolization, one at 1 week, and one at 4 months after
the last embolization. Duration of the study ranged
from 6 weeks to 5.5 months. '

Eighteen embolization procedures in 4 animals
were performed. Each animal was embolized from 3 to 5
times. Two animals received fixed doses of collagen
(averageé dose 1.48 mg/kg). They were sacrificed at 3
days and at 4 months after their last embolization. Two
animals were embolized to stagnation of flow, receiving
an average of 3.18 mg/kg each session. Nitroglycerin
100 mg (5 mg/ml in normal saline) was infused
immediately prior to the first embolization. Since

nitroglycerin had no apparent impact upon the vascular



WO 87/60062 PCT/US86/01408

10

15

20

30

—46-

capacity for embolization, it was not used in subsequent
embolizations. These animals were sacrificed at 3 days
and 1 week following their last embolization. These
procedures were well tolerated. There was occasional
emesis during the 6 to 8 hours after embolization.
Occasional temperature elevations not exceeding 1°C were
noted on days 1 to 3. Weights remained stable. Only
minor hematologic and liver function changes were noted
in these animals. In particular, those receiving the
larger dose of collagen demonstrated more definite
hematologic and liver function abnormalities.
Sequential liver function tests suggested improved
tolerance with repetitive embolization. '
Gross necropsies were all unremarkable.
Sections of liver revealed collagen in vessels from 20
to 250 micrometers. The total collagen present appeared
greater than in single embolized Group I animals.
Recanalization with partial clearance of collagen in
vessels was seen in all slides. 1In contrast with singly
embolized animals, persistence of some collagen was
noted at & months. Collagen was also uisualizéd in
arteries within the duodenum in three of three examined

animals.

Example 4
Hyperthermia Treatment of Spontaneous Tumors

A group of dogs having spontaneous tumors of
the extremities (2 animals), nose (1 animal), and chest
wall (1 animal) were examined for tumor response to
hyperthermia combined with vaso-occlusion at the tumor
site. In each animal, the tumor and major arterial
vessel supplying it were identified by angiography. The
collagen material was the same as that used in Example 2.
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The tumor regions in each animal were heated by
ultrasound for a period of four minutes, with
temperature monitoring at multiple locations within the
tumor and the surrounding tissue. The tumor region was
then selectively occluded by injecting cross-linked
collagen into the tumor's major supply artery, and
heated a second time under identical conditions.
Comparison of pre- and post-occlusion heating showed
that (&) heating was more rapid in vaso-occluded
material, comparing both tumor tissue before and after
occlusion and tumor and surrounding tissue after
occlusion; (b) differential heating between tumor and
surrounding tissue was enhanced substantially after
vaso-occlusion; and (c) the temperature drop in
vaso—occluded tissue after heating was slower than in
nonoccluded tissue. One of the animals was treated by
heating the occluded tumor at 46°C for 30 minutes.
Follow—dp showed no tumor regrowth.

Example 5
Chemoembolization in Liver

Cisplatin was obtained from Bristol-Myers
(Syracuse, NY). Cross-linked collagen material was
prepared as in Example 1A, and diluted to about 15 mg/ml
collagen with 60% diatrizoate meglumine. '

Mongrel dogs were divided into four groups.
Group 1 received 1 mg cisplatin/kg body weight by
intravenous injection (iv). Group 2 received the same
cisplatin dosage by intraarterial catheter infusion in
the common hepatic artery, and group 3 also the same
dose by intraarterial administration, but with
restricted flow due to temporary'balloon occlusion in
the common hepatic artery. The fourth group received

the same dose of cisplatin administered in the
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cross-linked collagen material within the common hepatic
artery. Infusion durations were 30 minutes for each
animal. In some animals, hepatic blood flow was
monitored by indocyanin green dye.

The animals were sacrificed 2 hours after drug
administration, and platinum levels in the left and
right liver, kidney, lung, heart muscle, diaphragm,
plasma, plasma filtrate and muscle were determined by
atomic absorption spectroscopy. Values were computed as
pg Pt/mg wet weight of tissue. Tissue levels were
normalized within each animal to platinum levels in the
left kidney.

The data, presented as the average value of the
animals in each group, are given in Figqure 8. Compared
with iv drug administration (the left bar in each
group), intraarterial infusion (the two middle bars in
each group) resulted in an approximately 20 % increase
in normal hepatic tissue levels. Occlusion infusion at
a restricted rate into the common hepatic artery was not
effective in increasing local tissue deposition beyond
that seen with nonoccluded intraarterial infusion.
Concurrent estimates of relative hepatic blood flow by
indocyaninin green also showed no effect of
balloon-otclusion upon clearance of the dye.

Chemoembolization with the collagen material
resulted in an approximately 2.5 fold increase in
platinum levels selectively in normal hepatic tissue.
Since portal blood flow through the liver was unimpaired
in both the balloon-occlusion and chemoembolization
groups, it is assumed that the lack of effectiveness of
balloon occlusion is not related to the continued flow
of the hepatic arterial collateral supply.
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Example 6
Chemoembolization in Kidneys

Cisplatin and cisplatin/collagen infusion
material were as in Example 5, except that collagen
concentration was 18 mg/ml. New Zealand white rabbits
were divided into three groups. Group 1 received 1 mg
cisplatin/kg body weight by iv injection. Group 2
received the same cisplatin dosage by intraarterial
catheter infusion into the main artery supplying the
left kidney. The third group received the same dose of
cisplatin administered in the c¢ross-linked collagen
material in the main artery supplying the left kidney.
Infusion durations were 6 minutes for each animal.

The animals were sacrificed 2 -hours after drug
administration, and platinum levels in the left and
right kidney, left and right liver, and lung were
determined by atomic absorption spectroscopy. UValues
were computed as pg Pt/mg wet weight of tissue.

Tissue levels were normalized were normalized within
each animal to platinum levels in the left kidney.

The data, presented as the. average value of the
animals in each group, are given in Figure 9. Compared
with iv drug administration (the left bar in each
group), intraarterial infusion (the middle bars in each
group) resulted in a relatively small absolute increase
in left kidney tissue levels. Chemoembolization with
the collagen material in this end-artery system
resulted in an approximately 100 fold increase -in
platinum levels selectively in normal kidney tissue.

In a second experiment, the accumulation of
cisplatin in chemoembolization, as a function of
collagen concentration was examined. Collagen
compositions containing increasing collagen

concentrations between about 1 and 10 mg/ml and drug in
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mixed with contrast agent were infused as above in the
left kidney of the animals. About 2 hours after
chemoembolization, cisplatin levels in left and right
kidneys were measured. The data, which are seen in
Figure 10, show a steady increase drug accumulation into
the infused kidney and a gradual decrease in drug levels
in the noninfused kidney, at higher collagen '
concentrations, when compared with free drug (0 mg/ml
collagen) infused by the same route. At the highest
collagen concentration tested, the drug accumulation in
the infused kidney was over 100 times that in the

noninfused kidney.

Although the invention has been described with
reference to particular embodiments and uses, it will be
appreciated that various changes and modifications can

be made without departing from the invention.
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IT IS CLAIMED:

1. A method of achieving persistent occlusion
of target tissue vessels, for a period of at least about
two weeks, comprising

providing a vaso-occlusive material composed of
a suspension of atelopeptide collagen fibers which are
cross—linked under conditions which raise the melting
temperature of the suspension at least about 10°C, and

introducing an occlusive amount of the material

into the target tissue vessels.

2. The method of claim 1, wherein the fibers
are cross-linked under conditions which raise the
melting temperature by at least about 15°C.

3. The method of claim 1; wherein the fibers
are cross—linked by glutaraldehyde at a concentration
thereof between 0.005% and 0.01%.

4. The method of claim 1; wherein the collagen

material provided includes & radio-opaque agent.

5. The method claim 1, for achieving
vaso-occlusion for a selected period between about 2
weeks and 6 months, wherein the collagen fibers are
cross—-linked under conditions which lead to a selected
degree of cross-linking, as measured by the percent of
total lysine residues which are cross-linked, between
about 15 and 85 percent.

6. The method of claim 1, for occluding a
vessel whose lumen sizes is substantially larger than
the sizes of the cross-linked fibers, wherein the
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material provided has a pastelike consistency, and said
introducing includes positioning a catheter device in
the vessel to be occluded, and forcing the material into
the vessel.

7. The method of claim 1, wherein said
providing includes preparing a suspension of
reconstituted atelopeptide collagen fibers, mechanically
shearing the fibers to produce fiber sizes predominantly
less than about 100 microns, and cross-linking the

sheared fibers.

8. The method of c¢laim 1, for occluding
predominantly 20-250 micron arterial branch vessels fed
from a segment of a supply artery having a diameter of
at least about 2 mm, wherein the material provided has a
fiber protein concentration of less than about 10 mg/ml, -
and said introducing includes positioning a catheter
device in the supply artery segment, delivering the
collagen into the supply artery, and by said delivering,
producing flow-directed occlusion of the branch vessels

of the specified size range.

9. The method of claim 8, wherein the catheter
device has a pair of relatively movable balloons, and
said positioning includes mouving the two balloons to
positions just upstream and downsteam of the ends of

such arterial segment.

10. The method of claim 8, for use in treating
a solid tumor having 20-250 micron arterial branch
vessels fed by such segment oFVa supply artery, which

further includes heating the region of the solid tumor
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to raise the temperature of such region to at least
about 429 C.

11. The method of claim 10, wherein said
heating is effective to raise the temperature of the
tumor region to between about 44-46°C,

12. The method of claim 11, wherein said
heating is applied for a period of at least about 30
minutes.

1 13. The method of claim 1, for administering a
drug to a target tissue supplied by such vessels,
wherein the drug is included in the collagen
vaso-occlusive material.

14. The method of claim 13, for treating a
solid tumor having 20-250 micron arterial branch vessels
fed by a segment of a supply artery, wherein the
collagen vaso-occlusive material contains én antitumor
drug and a collagen concentration of less than about 15
mg/ml, and said introducing includes positioning a
catheter device in the supply artery segment, delivering
the collagen material into the supply artery, and by
said delivering, producing flow-directed occlusion of

the branch vessels of the specified size range.

© 15, The method of claim 1, which further
includes, following said introducing, infusing a
selected drug into the vessel proximal to the

vaso-occlusive material introduced into the vessel,.

16. A nonimmunogenic vaso-occlusive

composition having a biological persistence of greater
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than about two weeks, comprising a vaso-occlusive

material composed of a suspension of atelopeptide

£

collagen fibers which are cross-linked under conditions
which raise the melting temperature of the suspension at
least about 10°C, and a radio-opaque agent, at a
concentration sufficient to allow fluoroscopic
monitoring of the distribution of the composition, when

infused into a vascular site. >

17. The composition of claim 16, for use in
occluding predominantly 20-250 micron arterial vessels,
wherein the material has a concentration of less than
about 15 mg collagen/ml, and collagen fiber sizes

predominantly less than about 100 microns.

18. The composition of claim 16, for use in
delivering a drug at a vaso-occluded target site,

wherein the composition includes such drug.

19;- A method of treating a solid tumor
comprising: 7 _

a. localizing the tumor and an arterial vessel
that supplies it, ,

b. providing a collagen vaso-occlusive -
material adapted to produce occlusion of blood vessels
having lumen diameters between about 10 and 25C microns,

¢. injecting such material into the identified
arterial vessel,

d. by said injecting, producing vaso-occlusion
of the secondary and tertiary vessels supplying the
tumor, distal to the collateral blood vessels which may

also supply the tumor, and
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e. heating the tumor under conditions which
produce tissue necrosis selectively in the occluded-
tumor tissue,

20. A method of administering a drug to a
target tissue supplied by a vessel, said method
comprising

providing a mixture of collagen vaso-occlusive
material and the drug,

injecting the mixture into the tissue-supply
vessel, to produce localized vaso-occlusion of the
target tissue, and

by said injecting, localizing the drug at the
vessel site of vaso-occlusion, for slow release from the

site into the surrounding target tissue.
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