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The present invention relates generally ft mat eri al s t hat
are resistant to in vivo calcification. Mre particularly, the present

I nvention relates to the treatnment of bioconpatible natural materials, such
as porcine heart valves, bovine 10 pericardium porcine pericardium and
equi ne pericardiumw th dinmethyl sulfoxide as the anticalcification agent.
In particular, the present invention relates to treatnment of the above

bi oconpati bl e materials which have been, or are to be, treated by fixation
in a 15 glutaral dehyde solution, with dinethyl sulfoxide as the
anticalcification agent. 2. Description of the Related Art Cardiac val ve
repl acenent renmains the major alternative in the treatnment of severely

di seased heart 20 valves. Valve replacenents can be from various sources
and of various designs, all intended to imtate the function of the natural
human heart valve. Currently, ‘the nmajor types of valve replacenents are
mechani cal heart val ves, bioprosthetic heart valves, and aortic 25

honogr afts. 2 The nmechanical valves in use today are of various designs
and materials. Their performance in vivo have

METHOD FOR REDUCING CALCIFICATION OF BIOLOGICAL TISSUE
‘USED IN IMPLANTABLE BIOPROSTHESES

BACKGROUND OF THE INVENTION
1. Field of the Invention )
5 The present invention relates g¢enerally to
biological materials that are resistant to jin vivo
calcification. More particularly, the present invention
relates to the <treatment of biocompatible natural
materials, such as porcine heart valves, bovine
10 pericardium, porcine pericardium and equine pericardium
with dimethyl sulfoxide as the anticalcification agent.
In particular, the present invention relates to
treatment of the above bilocompatible materials which
have been, or are to be, treated by fixation in a
15 glutaraldehyde solution, with dimethyl sulfoxide as the
anticalcification agent.

2. Description of the Related Axt
Cardiac valve replacement vremaing the major
alternative in the treatment of sever¢ly diseased heart
20 valves. Valve repladements can be from various sources
and of various designs, all intended to imitate the
function of the natural human heart valve. Currently,
the major types of valve replacements are mechanical
heart valves, bioprosthetic heart valves, and aortic
25 homografts.



been shown to be good and reliable. However, their attributes are often
of fset by conplications that can 5 arise with the use of this type of
valve, mainly thronbosis, which, if untreated, can |lead to val vul ar

failure. The possibility of thronbosis often requires patients receiving
this type of valve to receive anticoagulant treatnment, a lifetine

I nconveni ence. 10 Furthernore, catastrophic failure, which is a situation
where the material used to make the conpoment that controls blood flow
breaks, is an occasional high risk factor.- In contrast, bioprosthetic heart
val ves, typically 1%hd amchanibeal fvaihvepolnl use &odpyc ane o vaBiousoyine
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wal I where the material used to make the component that
controle blood flow breaks, is an occasional high risk
factor.

In contrast, bioprosthetic heart valves, typically
15 fabricated from porcine aortic valves or bovine
‘pericardium, have better hemodynamics than mechanical
valves, in that they provide blood flow characteristics
closely approximating physiological blood flov.
Moreover, in most ocases, bioprosthetic valves do not
20 vrequire patients te he on anticocagulation treatment
because thrombosis is unlikely. However, prolonged
residence in vivo has lead to calcification of the valve
material, in particular where the bioprosthetic valve
has been prepared by a process involving glutaraldehyde
26 fixing. This calcification can lead to the clinical
failure of bioprosthetic heart valves, at a failure rate
that is higher for younger patients. Therefore, the use
of bioprosthetic heart valves has been limited because
of the susceptibility of the biomaterial to
30 calcification. gimilarly, human aortic homograft
implants have alsc been ohserved to undergo
calcification involving the valvular tissue as well as

the adjacent aortic wall.
Nevertheless, the favorable features of the

35 bioprosthetic heart valve make it a desirable candidate
for continued use.
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Nevert hel ess, the favorable features of the 35 bioprosthetic heart valve
reke it a desirable candidate for continued use. Bi oprosthetic heart

val ves are typically fabricated by a process including fixation of the

bi oconpati ble material, usually bovine pericardi umor porcine aortic

val ves, in glutaral dehyde solution, which functions as 5 a tissue
preservative. This glutaral dehyde sol ution has been indicated as a possible
maj or contributor to biomaterial calcification, It is believed that
gl utaral dehyde is rel eased fromthe biomaterial after inplantatign, which
leads to a | ocal Bigpuosthetic heasttivaivestare typicaliy Sabricated

envi r onment Q?O C%?élﬁéﬁsiﬁ‘éiu%n\%'fﬁﬁlgﬁbﬁiﬁ ENET § oRMpATIHIEE

startlng p0|nts I catl on ver attenpts to regsgcethe
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and preparing it for inplantation, as a biomaterial fotsto rQve the
| ong-term i fhi thFbﬁsBF %?%?W%S%V%n iy rﬁ;&m tcg?o hae

fication 20 apeshs hadgcatea been angpeneiisiel ﬁa}joriatcmntr:l-’tmtmartm e,
treatnent with

out of the treagg‘éI l hﬁ'%l‘be%naéuqrﬁw#m a S%E‘: egge djo%f uexig‘gtge ‘i-,ﬂ: "o
encount ered wi t glata¢aldehyde = | ratepsedntfirdn stm Moma&emmls af.t;mh as
mental disorder§,,3332tdnd Witich leads to a 1local cytotoxic
10 environment. This cytotoxic environment leads to the
presende of cellular debris, which may provide starting
points for calcification.
However, attempts to replace the glutaraldehyde
fixation process have been unsuccessful to date, and
15 glutaraldehyde fixation remains the method of choice for
preserving tissue and preparing it for implantation as
a biomaterial.
Efforts to improve the long-term mhlbxti.on of
calcification wvia incorporation of anticalcification
20 agents have alse been unsuccessful to date. For
example, treatment with Fe(11I) has been unsuccessful
due to diffusion of the Fe(III) out of the treated
tissue. Similar problems can be expected to be
encountered with Al(III)}, as well as potential side

25 effaects, such as mental disorders, assoclated with
aluminum.

As a result, there remains a need for a method of
long-term calcification prevention suitable for use with
glutaraldehyde fixed bioprosthetic heart valves and

30 similar impilant devices, such as arterial grafts and
other tubular dquct replacements prepared from arteries,
veins, human umbjlical cords, etc.

SUMMARY OF THE INVENTION
The present inventors have discovered that,
35 surprisingly, dimethyl sulfoxide (hereafter known as
"DMSOY) can delay the onset of in vivo calcification of
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alumnum As a result, there remains a need for a nethod of |ong-term
calcification prevention suitable for use with gl utaral dehyde fi xed

bi oprost hetic heart val ves and 30 simlar inplant devices, such as
arterial grafts and other tubular duct replacenents prepared fromarteries,
veins, human unbilical cords, etc. SUVMARY OF THE | NVENTI ON The present

I nventors have di scovered that, 35 surprisingly, dinethyl sulfoxide
(hereafter known as "DMSO') can delay the ogset of in vivo calcification of
4 bioproethetic materials. There are no known exanples of the use of this
particul ar agentbioprodétihetic ahxtésisleon THerw @re sichknownekanplles. of

Furt hernore, thi geni.ds t t i c to llMng tissu

It is therefore ‘Ztﬁgoquesc o?%t h%%se%@‘g‘ﬁi&%n t r%vi gsa %F%’ggég' for
t he production otalé¢bfigationnof hicprxosthetici mateniads.onurthermore,
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ani mal body by ﬁ%%%on%ﬁ?ﬁgm %’% %gﬁnﬁgﬂ tb?ﬂhwgﬁagigggg P‘llygﬁi) It d%. t he
obj ect of tH® presentItnidnthereforeran ebject ofi the presenk dnypptdoR; | |

al | ow the w despggagirdvdqel Digidsddcibe R producEion tos pdviegicaik of
val vul ar failure, and,ipcreased | nplant Ilfeigan. 15 , JI 1S g f%lther
obj ect of the prBRERFIA §eﬁﬁ’vgﬁ‘gt owiorkﬁlfﬁﬁ%%d BEcESYM: Hesistanee 1P

exhi bi ting vivo calcification, for implantation in the human or
animal body by treatment with DMSO.
10 More specifically, it is the object of the present’

invention to provide biological materials which will
allow the widegpread use of bioprosthetic heart valves
with reduced risk of valvular failure, and increased
impiant lifespan. _

15 It is a further cbject of the present invention to
provide biological materials exhibiting
anticalcification properties wherein said properties are
imparted to the material at the time of manufacture,
thereby avoiding treatment after implantation, and

20 decreasing complications.

These and other objects and advantages of the
present invention are obtained by providing a method for
'treating ‘biological material, ocomprising contacting
biological material with a solution comprising dimethyl

25 sulfoxide in an amount and for a peried of time
sufficient to inhibit calcification of said biological
material after jmplantation into a human or animal body.
This contacting step may be combined with preserving of
the biological material by contacting with a fixing

30 agent, e.g., glutaraldehyde, prior' to, or subsequent to,
the dimethyl sulfoxide solution treatment, which may
comprise jmmersing said bioclogical material in a
solution comprising dimethyl sulfoxide at a temperature
of from about 18 °*C to about 60 °C, for a time period

35 ranging from about three minutes to about 48 hours.

The dimethyl sulfoxide solution may be neat
dimethyl sulfoxide, or may be adjusted to a
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anticalcification properties wherein said properties are inparted to the
material at the tine of manufacture, thereby avoiding treatnent after

i npl antation, and 20 decreasi ng conplications. These and ot her ‘objects
and advant ages of the present invention are obtained by providing a nethod
for treating biological material, conprising contacting biological materi al
with a solution conprising dinethyl 25 sul foxide in an anmount and for a
period of time sufficient to inhibit calcigication of said biological
material after inplantation into a human or ani mal body. This contacting

st elto rrft_y be _c?r{rﬂxyeﬁof_ _m':gﬁgglepﬂr,vieng;.oj éhﬁnlb'b;f' @g.:fjwh b}at Bafgerbig in
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conpri se i mer sthe sHmbthyl ogul foxddecrsalution adyt ben admixedi sdth

di met hyl sul f oxjpge. e e f Q *Cat bout 60 [err]C,
for a tine peri%gﬁg’g6 gg%??ﬁg&g%gkfag%hP&&%H§§4#%€ﬁiﬁé%%#h§;nn 48 hours.
The di net hy$ sul f oxi hesbicloghcatymatental waydvé\dof sniimaiickigims aamy
be adjusted t VS | -g. - utfering
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sul f oxi de sol ut™8¥ na® HRE aGIDtetieh a¥iginy agiith Bit creconstituted
physi ol ogi cal sabldageh. The bi ol ogi cal material may be of ani nal

origin, as di scussedy 4P5E,EE' Bhh DEbQHkaGhe Sob IR YR trveHtson
10 are also obtained by providing a biological material
that has been treated according to the process discussed
above. _
Further scope of applicability of the present
invention will become apparent from the detailed
15 description given hereinafter. However, it should be
understood that the detailed description and specific
examples, while indicating preferred embodiments of the
invention, are given by way of illustration only, since
various changes and modifications within the spirit and
20 scope of the invention will become apparent to those
skilled in the art from this detailed description.

DETAILED DESCRIPTION OF THE INVENTION
The terms %bioclogical material® and %biological
tissue" as used herein refer to natural biocompatible
25 materials suitable for implantation, usually derivable
from various animal sources and parts of the anatomy.
For example, the tissue may be derived from various
animals, e.g., tissue of porcine, bovine, equine, yak,
sheep, rabbit, or kangaroo origins. The tissue may be
30 heart valves, pericardiums, dura mater, tendons,
ligaments, aortic arch, or carotid artery. Also
encompassed by the invention are tissue suitable for
skin patches, cardiac patches, pericardial patches,
. aortic patches, and tympanic¢ membranes.
35 As pointed out above, the biological material may
"  be of synthetic origin, such as reconstituted collagen,



may be.of synthetic origin, such as reconstituted collagen The objects and
advant ages of the present invention 10 are also obtained by providing a

bi ol ogi cal material that has been treated according to the process

di scussed above. Further scope of applicability of the present invention
will becone apparent from the detailed 15 description given
hereinafter. However, it should be understood that the detailed
description and specific exanples, while indicating preferred enbodi nents
of the invention, are given by way of illustration only, since various
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The exact mechanism of the inhibition of
calcification of biological tissue by DMSO is as yet
unknown., However DMSO, being an organic chemical
reagent, may remove phospholipids or other deleterious

15 materials, speculated to initiate calcification, present
in natural tissue from the biological tissue. Second,
DMSQO may crosslink or promote c¢rosslinks with the
collagen matrix or further crosslinks of glutaraldehyde
or other fixing agent within the tissue. Third, DMSO

20 may also cap the free ends of glutaraldehyde or other
fixing agent molecules, thereby reducing the deleterious
effects attributed to these free ends.

The DMSO to be used should be of an acceptable
grade, typically HPLC grade or equivalent and can be

25 used neat, i.e., as obtained from the vendor, or in
varying concentrations with water or non~toxic organic
reagents from 1% to 100%. Suitable non-toxic organic
reagents include isopropanol, ethanol, and glycerol. If
necessary or desirable, the DMSO may be sterilized using

30 art recognized techniques. _ .

The DMSO used can also be adjusted to a
physiological pH, e.g., 7.40, with various buffers, for
example HEPES (N-2-hydroxyethylpiperazine~-
N’-2~athanesulfonic acid). The buffers are preferably

3% stable, non-interacting with the fixation process or
with the DMSO treatment process (i.e., the buffers do
not react with the fixing agent or prevent the fixing



or may be a human honograft or autol ogous tissues, such as tissue obtained
fromthe patient's pericardiumor fascia |ata. Human honografts
are usual |y cryopreserved, and should be treated according to the 5
present invention after thawing, wth or wthout fixation by

gl ut aral dehyde or other fixing agent. The concentrations of DMSO used to
treat the honograft or autol ogous tissues according to the present
i nvention are much hi gher t han t hode sui tabl e for 10

OO Vot ol 5P Aop S0 Eoked i hbEighr g sy, s
DVBO, bei ng anhav@anac ifferirg r capacitynesuf ficlenbhdephwaiptadnorant her
natural tissue PRGBS aifor d Endibd %k&%ﬁ%@ékﬁ%%ﬁeﬁﬁ%r "
pronot e crossli ks wcbthhtnaMihmgedepamﬂﬁx vponurther spedifidkstissue
gl ut ar al dehyde g,rr ﬁ“d&ﬁqﬁ-h SVt Righ tﬁl?ffézs%lﬂr @'é&véﬁ@ﬁbﬂ@l may
al so cap thé fr glutara or other fixin | ec
t her eby redUC|n@hﬂﬁ?hﬁiQﬂhﬂﬁﬁﬁﬁﬁiﬁf%%¥ nﬁttrPEut@&Ytoiaéihgérgg ' The
DMSO to be used cHidxhtiE, of Wit GRED) © Waswdylavacal INOPBLC QZa(m-or
B v et AN ke tiolPEAPRRA Lo CASId el | AfbERe VERERR. o
to 100% Suitablgeiperdpinediegthanesajdunsicncl udeidppropaaol , RBEEol ,
and gl ycer gl 1 1o0ERSA Nom SR PlthEnohBEnBNED. Y Depskeihbiged ¥R
DMSO/buffer oconcentrations are 90% DMSO/10% HEPES
buffered saline, or 100% DMSO, at 25 to 37 °C, for
prevention of calcification. However, any concentration
of DMSO between 0.5% and 100% could be used.

15 The DMSO can also be used in combination w:.th
glutaraldehyde or other fixing agent, as well as with
water, buffer etc. as stated above. The duration of
immersion may be varied fram'é few minutes up to 48
hours, more particularly from 1 to 24 hours. Immersion

20 of the biological material in DMSO can bhe conducted from
slightly above 18 °C¢, which is the melting point of the
chemical agent, to approximately 60 °C, more
particularly 25 °C to 37 *C. Temperatures higher than
60 °C may result in denaturation of the biological

25 material. The DMSO can be applied to fresh tissue,
which can then be subjected to fivation (e.g., with
glutaraldehyde) with reduced calcification, or to
previously fixed tissue.

Suitable fixing agents for possible inclusion with

30 the DMSO solution, as mentioned above, and for fixation
of the tissue subjected to the process of the present
invention include acyl azide, carbodiimides,
polyglycidal ethers, cyanimide, glycerol, formaldehyde,
and glutaraldehyde. The process of the present

35 invention can also be applied to tissue that has been
preserved by the method disclosed in U.S. Patent
5,147,514. In addition, tissue which has been, or will



30" "art recogni zed techni'ques. The DVMSO used can al so- be adjusted to a- -
physi ol ogical pH, e.g., 7.40, with various buffers, for exanple HEPES
(N-2- hydr oxyet hyl pi perazi ne- N -2-ethanesul fonic acid). The buffers are
preferably 35 stable, non-interacting with the fixation process or with
the DMSO treatment process (i.e., the buffers do not react with the fixing
agent or prevent the fixing 7 agent from achieving proper fixation of
the tissue) , and have a buffering capacité sufficient to naintain an
acceptabl e pH The choice of an appropriat buffer and its concentration

depends upon th specihic. tissue repar.a ondlt The b fer
be conventi onal BHO?B‘h&F&tﬁ?‘ -gpe.‘ogo %r ﬁ’&&
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concentration oWhDFDO%?Q cubjegked 0, Hipid) wm‘awns The
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agent, as wel | as WIE vyater er etc. as stated above. durat‘lré)n of

i mrer si on nay b&Ndy 5&% Hime, and www%m@%@
particularly fre@ngds0 dih swinsade "BEr€hese with ordinary skill in the

10 art by evaluating the thermal shrinkage temperature
(e.g., determined by hydrothermal or differential
scanning calorimetry methods), amino acid analyses
results, and other apalytical results common to
chemistry, biochemisi:ry, microbiology, and histology,

15 and described, for example, in Moore et al., 28 J.
Biomed. Matls. Res. 611~618 (1994).

More specifically, each tissue ¢type has a
particular shrinkage temperature. Upon treatment with
glutaraldehyde, the shrinkage temperature (usually

20 around 60 to 70 °C) usually increases by 20 to 30 *C.
This increase is attributed to glutaraldehyde providing
additional crosslinks, delaying the denaturation process
to a higher temperature. With post-glutaraldehyde
fixation treatment with DMSO, an additional increase in

25 shrinkage temperature of 1 to § °C may be observed.

While shrinkage temperature provides a macroscopic
picture of changes occurring in the tissue, amino acid
analysis provides a microscopic indication of the
effects of tissue treatment. Usually, a tissue sample

30 is reacted with an acid which breaks down the tissue
into collagen, and finally, into its constituent amine
acid residues. Typically, animal tissue has about 15 to
20 constituent amino acld residues. Analysis of the
relative amounts of these amino acid residues can give

35 quantitative information about the efficiency of
crosslinking. For example, glutaraldehyde predominantly
crosslinks tissue at the amino acid lysine. Amino acid




20 aof the biological material in DMSO can be conducted fromslightly-"-
above 18 [err]C which is the nelting point of the chemcal agent, to
approximately 60 [err]C, nore particularly 25 [err]Cto 37 [err]C
Tenperatures higher than 60 [err]C may result in denaturation of the

bi ol ogical 25 nmaterial. The DMSO can be applied to fresh tissue, which
can then be subjected to fixation (e.g., with glutaral dehyde) with reduced
calcification, or to previously fixed tissup. Suitable fixing agents for
possi ble inclusion with 30 the DVSO sol ution, as nentioned above, and for

fixation of the anmagulwmuedshewtm mqiﬁﬁﬂd&nﬁ hQ’elﬂiﬂﬂﬂl&\ I Bwenthan
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treated with chondr o@i@?ﬂéﬁgﬁ Ppet a B%ur@lp'%iﬁ t eyl an gopci d,
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of DSO sol uti on wekhéde Xews Jirptte E@:tqndnae&&eeﬁuéa Vi, hEort drampLE s
(anges, can be ey, bRRaRed (2,354, 08Y °. ded V1" na ™, B0, 00,
_ 10 Similar methods can be used to prepare the tissue for
treatment according to the present invention when
glutaraldehyde treatment is to occur after DMSO
treatment. |
Given below are several specific illustrative
15 technigues and examples for producing
calcification-resistant materials in accordance with the
principles of the invention. Although directed
primarily to the preparation of calcification-resistant
heart valve components, the techniques described herein
20 are applicable to the creation of any other device
comprising biological materials of the type used in
surgically implanted devices. It should be noted that
the range of DMSO usage and immersion periods given in
these illustrative techniques are for illustration
'25 purposes only, and can be varied to achieve an optimal
balance of immersion time and maximal effectiveness.
Moreover, these illustrative methods and examples are
for purposes of illustrating the present invention, and
are not to be construed as limiting of the claims.

30 ILLUSTRATIVE METHODS AND EXAMPLES FOR TREATING AND
PREPARING BIOPROSTHETIC HEART VALVES

EXAMPIE 1
Fresh biological material was immersed in DMSO for
24 hours, at a temperature of 25 °C. Following
35 immersion, the bjological material was washed thoroughly



(e.g., 'determined by hydrothermal or differential scanning calorinetry

nmet hods), am no acid anal yses results, and other analytical results common
to chem stry, biochem stry, m crobiology, and histol ogy, 15 and descri bed,
for exanple, in More et al., 28 J. Biomed. Matls. Res. 611-618 (1994).
More specifically, each tissue type has a particular shrinkage
tenperature. Upon treatnent with gl utaral dehyde, the shrinkage tenperature
(usual Iy 20 around 60 to 70 [err]C) usualjy increases by 20 to 30 [err]C
This increase is attributed to gl utaral dehyde providi ng additi onal
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i nformati on about tr‘ﬁ-eﬁﬁ Ci qmyvegee&rosghbmbgﬂ@ajfor matardal was
o utarel aehyde b g IV, 551 LORS chL bt Hrl o ] 5.5
: HEPES buffer before beinhg immersed in nuso for 24 hours
10 at 25 *C. Following treatment, the blological material
was washed in sterile buffered saline and fabricated
into Dioprosthetic heart valves. However, the
bioclogical tissue =mo treated may be retained in, or
returned to, the buffered saline and stored for 48 hours
15 or more before being used to fabricate bioprosthetic
heart valves.

EXAMPLE 3
The procedure described in Example 1 is followed,
except that the duration of immersion is 1 hour,.

20 EXAMPIE 4

The procedure described in Exanmple 2 is followed,
except that the duration of immersion is 1 hour.

EXAMPLE S
The procedure described in Example 1 is followed,
25 except that the temperature of immersion is 37 °C.

EXAMPLE 6

The procedure described in Example 2 is followed,
except that the temperature of immersion is 37 °C.

. EXAMPLE 7



concentration of lysine of tissue fixed- with glutaral dehyde, when
conpared to untreated tissue. This gives a quantitative value of the degree
and efficiency 5 of crosslinking by glutaral dehyde. Preparation of

nat ur-al - deri ved ti ssue for gl utaral dehyde preservati on nay be done
foll owi ng net hods known in the art, and described in, for exanple, U S
Patents 4,323,358, 3,966,401, and 4,050,(93. 10 sim/lar nethods can be
used to prepare the tissue for treatnent agﬁfrding to the present invention
when gl ut aral dehyde treatnent is to occur er DVBO treatnent. G ven bel ow

are several specific jllustrati.ve 15 te | Jues xa S for
produci ng calcificati 9r3§P§%& en@ﬁﬁﬂ%iﬂ?éﬂ%&uﬁ%ﬂﬁﬁ#éeimﬁ?h¥5h3°“@4f
principles of ehegptnthpti@he_cou&gﬁtm@t¢oﬂioﬁcﬂﬂﬁOpdsnﬂO%yiﬂoOLb&H
preparation of c?gggglﬁakkggg eagéggnbrhggigpﬁelve conponents, the

t echni ques descr herein re applicableto the creation of any other .
devi ce conprising biological materials of the type used in surgically

i mpl ant ed devi cegxapMprghgul d be noted that the range of DMSO usage and

| mrer si on pecLi ods givggsin t hese illustrative techni ques arisfor

i 1lustration®35 pur po&@s PERCEAUXR] desemibed in Example; 2, ds, fodovwed,
bal ance of i mrer ekeapti that ki@ xtoRdertfLELONCOHES DS RO VEDS Lheog 05K

or esent | nvent | oL ERGPHICRGH BT ConSAMM s | 1 mi ting of the cl ai ms.
30 | LLUSTRATI VE METHODS AND EXAMPLES FOR TREATI NG AND PREPARI NG
Bl OPROSTHETI C HEé§£M¥ﬁhV§S EXAMPLE 1
Freshly harvested biological material is stabilized
10 in 0.45% glutaraldehyde solution in 0.05M HEPES buffer
- after which the biological material is immersed in a 1:1
DMSO/Glutaraldehyde solution in 0.05M HEPES buffer for
24 hours at 25 °C. Following treatment, the bioclogical
material is washed in sterile buffered ealine and
15 fabricated into bioprosthetic heart valves. '

EXAMPLE 10
Fresh biological wmaterial is immersed in a 1:1
DMSO/Glutaraldehyde solution in 0.05M HEPES buffer for
24 hours, at a temperature of 25 °C. Following
20 immersion, the biological material is washed thoroughly
in sterile buffered saline and further stabilized in
glutaraldehyde, for example, 0.45% solution in 0.05M
HEPES buffer. The glutaraldehyde-preserved biological
material can then be fabricated into bioprosthetic heart
25 valves and stored. in glutaraldehyde at 4 °C for
prolonged periods of time.

EXAMPLE 11
Freshly harvested biological material is stabilized
in a 0.45% glutaraldchyde solution in 0.05 M HEPES
30 Dbuffer before being imwmersed in DMSO for 1 hour at 25
‘C. Following treatment, the biological material is

washed in sterile buffered saline and fabricated into
bioprosthetic heart valves.



Fresh, bi ol ogi cal material was imersed in DVMBO for 24 hours, at a
tenperature of 25 Jerr]C Foll ow ng 35 inmmersion, the biol ogical

mat eri al was washed t horoughly 10 in sterile buffered saline and
stabilized in a 0. 45% sol ution of glutaral dehyde in 0.05M HEPES buffer.
The gl ut aral dehyde-preserved bi ol ogi cal material was then fabricated into
bi oprosthetic heart valves and stored in 5 glutaral dehyde at ‘4 [err]C for
prol onged periods of tinme. EXAMPLE 2 Freshﬁé har vest ed bi ol ogi cal

mat eri al was stabilized in a 0.45% gl ut ar& dehyde sol ution in 0.05M HEPES

buffer before bw ed in DMSO for 24 hours 10 at 25 [err]C.
Fol | ow ng treat ; i ol ogi cal material was washed in sterile buffered
sal i ne -and fabri cat edFfhetmrocedyre AéscribedcintExanplestl is fakleyed, ¢ he

bi ol ogi cal tissu r@% O!a%?@ i bPatibe’ 8EUsTCdCt 9 LBRA,
buffered saline %ﬁ%gg#ore €for %%?éﬁlgsﬂgr ramre before being used to
fabricate bioprosthetic heart val ves. EXAMPLE 3 The procedure described in
Exanple 1 is folg exgept that the duration of imersion is 1 hour.

20

Guraton of Bmmer oi onFFeShIN diAtvesabia ol ot sedantat de pFanLigsa 1 "¢
Exanple 1 is fol jawad, 0,45 % glutaraldehyde solution in 0.05 M HEPES
buffer before being immersed in a solution of 70% DMSO
in 0.05 M HEPES buffered water or saline for 1 hour at
25 *C, Following treatment, the biological material is
10 washed in sterile buffered saline and fabricated into

bioprosthetic heart valves.

EXAMPLE 14
The procedure described in Example 13 is followed,
except that an immersion temperature of 37 °C is used.

15 EXAMPLE 15
Freshly harvested biological material is stabilized
with 0.45% glutaraldehyde solution in 0.05 M HEPES
buffer for 24 hours. The stabilized material is
immersed for 1 hour in 70% DMSO/30% HEPES buffered
20 saline at 25 *C. Following treatment, the biological
material is washed in sterile buffered saline and
fabricated into bioprosthetic heart valves.

EXAMPLIE 16
The procedure described in Example 15 is followed,
26 except that an immersion temperature of 37 °C is used.

EXAMPIE 17
Porcine aortic root may be obtained from the
abattoir and kept at 4 °C. The tissue may be trimmed
and processed with 0.45% buffered glutaraldehyde
30 solution. The treated tissue may then be removed from
the glutaraldehyde solution, rinsed, and placed in 100%
buffered DMSO for 6 hours at room temperature. This



25- + except that the tenperature of imersion is 37 [err]C. EXAMPLE 6 The
procedure described in Exanple 2 is foll owed, except that the tenperature
of imrersion is 37 [err]C. EXAMPLE 7 The procedure described in Exanple
1is foll owed, except that the concentration of DMSO is 70%in 0.05K HEPES
buffered water or saline. EXAMPLE 8 5 The procedure described in
Exanple 2 is foll owed, except that the concentration of DMSOis 70%in

0. 05M HEPES buffered water or saline. EXAMPhR 9 Freshly harvested

bi ol ogical material is stabilized 10 in 0.45% gl utaral dehyde solution in

0 e S chaog) kgt et i o waa
ut ar al dehyde sol ution in_Q, er fo our

[err]C. Fol | owi ng“??’e%&’?én h PnaSH; ppSLer ﬂé@&ﬁ%ﬂ@l@%%@ﬁ% efPre

buffered saline aggl hourkzbrramdwsd | Nanddi fabphédead c inta tvabluss. BEIW&PLE

10 Fresh biol ogic teri

solution in 0.05 i LQ&g?gﬁgerfﬁgﬁéé;ghéiéﬁgggﬁ%éig§§;Shgigégg
[err] C. Fol I owi ng 20 i mrer sion, the biological material is washed
Gl ut ar ol conydb. 1Y Fr0y ROABEERk 1B BERDAG AR AXEOE D N | RAT
gl ut ar al dehyde- pr%‘&ﬁﬁ@%o@?@ﬁp
Bioclogical tissue samples in the form of porcine
aortic cusps were removed from the aortic heart valves
and immediately placed in buffered saline. The samples
10 were then immersed in DMSO for 24 hours at ambient room
temperature, rinsed copiously with sterile buffered
saline and stabilized in 0.45% glutaraldehyde buffered
with 0.05M HEPES.
A further grbup of samples of biological material
15 was freshly harvested and fixed in 0.45% glutaraldehyde
buffered with 0.05M HEPES before immersion in DMSO for
24 hours at ambient temperature.
A control group of samples were treated in 0.45%
glutaraldehyde buffered with 0.05M HEPES only. All of
20 the samples were ringed in sterile buffered saline and
implanted in subcutaneous pouches dissected in the
ventral abdominal wall of weanling male rats
(Sprague-Dawley, male, 3-week old, weighing 80-100g).
Each rat received 4 implants.
28 After 21 days, the rats were sacrificed by carbon
dioxide asphyxiation and the tissue samples removed.
These samples were analyzed for calcium using atomic
absorption spectrometry. Additional esamples were
prepared for histological examination and scanning
30 electron microscopy (SEM). The mechanical properties of
the retrieved samples were analyzed by differential
scanning calorimetry (DSC). Table 1 summarizes the
calocium content of the samples (N refers to the number
of samples).



materjal can then be fabricated into bioprosthetic heart 25 valves and
stored. in glutaraldehyde at 4 'C for prolonged periods of time. EXAVPLE
11 Freshly harvested biological material is stabilized in a 0.45%

gl ut ar al dehyde solution in 0.05 < HEPES 30 buffer before being
imersed in DVSO for 1 hour at 25 [err] C. Followi ng treatnent, the

bi ol ogical material is washed in sterile buffered saline and fabricated

i nto bioprosthetic heart val ves. 12 EXAMPLE 12 The procedure descri bed
in Exanple 11 is followed except that an inmersion tenperature of 37 [err]C
is used. EXAWPLE 13 S Freshly har @ABI® i ol ogi cal material is

Ete?glr IeI nglnlgnl ﬁngréslg'a%oﬁﬁ% W%ﬁ% fered
wat er or salineffor L foar at . .. Ol reat

bi ol ogi cal mat ef |aI ﬂ%r%mhed 'n steP‘lle bu fe'rIl 50 | E‘~e¥|’ﬁfqab|cated

i nt o bi opr ost heg gar t+—vat —ERANVP e[ proceaur € gescribed ifn
Exanple 13 is fIIovve@MS@x'GéEt thaj an |3ﬂmr5|o tenperaftP® of 37 [drr]C

is used. 15 E i"" v eo—brotogtcar—Tarertar 13 stan | i zed
with 0.45% g ut 4ral dem}d@mzutlon in 035 M HEPES 4.65 |

k CONTROL 13 111.58

|

y
i —————

1Biological material immersed in DMSO followed by
glutaraldehyde fixation

2gjological material fixed in glutaraldehyde
10 followed by immersion in DMSO
Comparison of the calcification levels for both
methods of DMSO treatment (i.e. either before or after
glutaraldehyde fixation) revealed no significant
difference. This shows that the DMSO immersion step can
15 be incorporated into fabrication of medical implant
devices with minimal revision of standard manufacturing
practices. cCalcification of the biological materials
was significantly inhibited both treatment methods uging
DMSO.
20 Similar results are set forth below in Table 2 for
implant periods of 60, 90, and 120 days.
: TABLE 2
TISSUE CALCIUM LEVELS AFTER VARIOUS IMPLANT PERIODS

e
Implant Period | N ' Tissue Ca®* mg/g
25 60 days! 15 3.95
. 60 _days® 15 3.65
. 60 days® 11 208.37
90 days' 13 8.44
90 days® 13 5.50
30 90 _days® 9 224,45
l 120 days! 8 68.00
120 Qays? 12 3.37
u 120 days’ 5 217.69



o -

buffer for 24 hours. The stabilized material is inmersed for 1 hour in
70% DVBQ 30% HEPES buffered 20 saline at 25 [err]C. Follow ng treatnent,
the biological material is washed in sterile buffered saline and fabricated
into bioprosthetic heart valves. EXAMPLE 16 The procedure described in
Exanple 15 is followed, 25 except that an inmersion tenperature of 37
[err]C is used. EXAMPLE 17 Porcine aortic root may be obtained fromthe
abattoir and kept at 4 [err]C. The tissue Ry be trimed and processed with
0. 45% buf fered gl utaral dehyde 30 solution.""The treated tissue may then be

d f th | ut L.QQA r4l d ¢
buf f er ed DVEO fﬁrga“ﬁf*ﬂg 1oa 4 **;gg{gi@%ﬁ% PSS, Lol 1R by,
sol ution and rep

be renoved fromthe aced in 0.45% buffered

gl ut ar al dehyde sol uti egyb Safourtatdeipred sized f aphi CytardidenydeEs.
The val ves are then stf@]iilﬁ,%%l qﬁmﬁg {rpr})ml ant . N VI ng
EVALUATI ON - . BIOLOG CAL TISSUE I N RAT SUBCUTANEOQUS MODEL

Bi ol ogi cal tigssue sanpbeftialt kng]_{mamlmaen @ dRl1gyrtic cusps were renoved
n

fromthe aortic heart valves a i mmedi ately placed in buffered saline. The

sanples 10 were then imersed in DMSO for 24 hours at anbient room
tenperature, rinsed c@heousiglogidakt materiklf toreaxteahl accondingt o |thred

in 0.45% gl utar al definde RY tRi8% nvention can be surgically implanted in
a manner known in the art to be useful for fixed or
glutaraldehyde~treated biclogical material, in
10 accordance with art-recognized procedures. The present
invention may be used to prepare biological material
suitable for use as replacement heart valves, skin
patches, cardiac patchee, periocardial patches, aortic
patches, wvascular grafts,' replacement ligaments or
15 tendons, tympanic membranes, or to prepare injectable
collagen, by following methods known in the art.

The invention being thus described, it will be
obvious that the same may be varied in many ways. Such
variations are not to be regarded as a departure from

20 the sgpirit and scope of the invention, and all such
modifications as would be obvious to one skilled in the
art are intended to be included within the scope of the
following claims.



w.th Q. 0514 HEPES. A further group of sanples of biological material 15
was freshly harvested and fixed in 0.45% gl ut aral dehyde buffered wth 0.05M
HEPES before immersion in DVMBO for 24 hours at anbient tenperature. A
control group of sanples were treated in 0.45% gl utaral dehyde buffered with
0. O5M HEPES only. Al of 20 the sanples were rinsed in sterile buffered
saline and inplanted in subcutaneous pouches dissected in the ventral

abdom nal wall of weanling nale rats (Spragyge-Daw ey, male—3=week ol d, ,

wei ghi ng 80-100g). Each rat received 4 |rrpl ants. g\m

the rats were sacrificed by carbon di oxi de asphyxi atlc{mﬁ\m\m‘!

sanpl es renoved. These sanpl es were anal yzed for cal ci ng atofic*
absorption spectronetry. Addi tional sanples were prepared for

hi st ol ogi cal exam nation and scanning 30 el ectron mcroscopy (SEM. The
mechani cal properties of the retrieved sanpl es were anal yzed by

differential scanning calorinetry (DSC). Table 1 sunmarizes the cal cium

content of the sanples (N refers to the nunber of sanples). 14 TABLE 1
TI SSUE CALCI UM LEVELS AFTER 21 DAY POST | MPLANT Tr eat ment N

Ti ssue Ca[err] ng/g DVSO GA[ err] 22 3.08 5

GA- DMs( err] 21 4. 65

WHAT IS CLAIMED IS:

1 1. A method for treating biological material,
2 comprising contacting biological wmaterial with a
3 solution comprising dimethyl sulfoxide in an amount and
4 for a period of time sufficient to inhibit calcification
§ of said biological material after implantation into a
6 human or animal body.

1 2. The method according to claim 1, further
2 comprising preserving said biological material by

3 contacting with glutaraldehyde.

1 3. The method according to claim 2, wherein said
2 preserving is carried out prior to said contacting with
3 said solution comprising dimethyl sulfoxide.

1 4. The method according to claim 2, wherein sald
2 preserving is carried out subsequent to said contacting
3 with said solution comprising dimethy; sulfoxide.

1 5. The method according to claim 1, wherein said
2 contacting comprises immersing said biological material
3 in said solution comprising dimethyl sulfoxide at a
4 temperature of from about 18 °*C to about 60 °C.



- —an

13 111. 58 Biological material imersed in
DVBO f ol O\A;edJ by glutaral dehyde fixation 2Biological material -fixed in
glutara dehyde 10 foll owed by inmersion in DVMSO Conparison of the

calcifigation levels for both nethods of DMSO treat rregmmmﬂlu“““mau fore
or after gl ut aral dehyde fixation) reveal ed no
This shows that the DVBO i mmersion step can 15 be |ncorp(5rafed into

fabri qsat ion of medical inplant devices w them nimal revision of standard
manuf acturing practices. calcifi cat | on of the biological materials was

si gnificantly inhibitgd boh{bt t6icriE) wWoerein said

Simlgar results are set forth 0W|n t 0,
90, #nd 120 2laysinmewsing ks Soopdgstedus ‘L%\/EL%RWT%% ﬁqﬁﬁﬁ#ﬁ
PER{ODS |.npl gint iﬁ‘éﬁ@dthree mmuté{a to abouti §8uhofiess] ny/ 9 25

dayg : 3.95 60 days
. @ 60 days3 11 208. 37 90 days er“é
13__ F 4 8.44790 OpnNeZmethod accordisg to claim ereingsaid
9Gf daysps 9 Pro2yad is nest dimethyl
68.00 120 dajs2 solution cqmprising mﬁé&nﬁ '1"3 37 120 days3 5
217. 69/ 3 sulfoxide. :
/ 1 8. The method according to claim 1, wherein said
s 2 solution comprising dimethyl sulfoxide has been adjusted
N 3 to a physiological pH.
1 ' 9. The method according to claim 8, wherein said
2 pH is about 7.40.
1 .:I.o. The method according to claim 1, wherein sald
2 solution comprising dimethyl sulfoxide comprises a
3 nixture of dimethyl sulfoxide with water or
4 physiological saline,
1 11. The method according to c¢laim 1, wherein said
2 solution cowprising dimethyl sulfoxide comprises a
3 mixture of dimethyl sulfoxide, glutaraldehyde, and water
4 or physiological saline.
1 12. The method according to claim 1, vherein said
2 solution comprising dimethyl sulfoxide is buffered.
1 13. The method according to c¢laim 1, wherein said
2 solution comprising dimethyl sulfexide oomprises a
3 mixture of dimethyl sulfoxide and a non-toxic organic
4 solvent. '

14. The method according to claim 13, vherein said
2 non-toxic organic solvent is selected from the group
3 consisting of ethanol, isopropanol and glycerol.



157 :Bi-ol ogi cal mat-eri al imersed in DVBO fol | owed by gl ut aral dehyde
fixation Biological material fixed in glutaral dehyde foll owed by imrersion

in DMSO 5 3control (glutaral dehyde only) The biol ogical materi al
treated according to the process of this invention can l‘ﬂ‘

I nplanted in a manner known in the art to be useful “mmﬂuﬂl IMH"I
gl ut ar al dehyde-treat ed bi ol ogi cal mat eri.al , | n 10 atcorddhcé wi'th

art-recogni zed procedures. The present invggtion nmay be used to prepare
bi ol ogical material suitable for use as replacenent heart valves, skin

pat ches, cardi ac patc:ltBa.s mimn&cnlamm wmiﬁwam,cfiﬁferelﬁscaéﬁ

grafts, replace t t oS, 4t ani ¢ t
repare i o ot abrms R T50'a oRRtuFRY Bl ome R IR RN 2 aklna

i nvention bé ng axrigdnlescribed, it will be obvious that the sane nay be
varied in many ways. Such vari ations are not to be regarded as a departure
from20 the spirit and scope of the invention, and all such nodifications
as woul d be bobvi ous t}6ondhaingthod mcderding Aceclaimnite Vbebeinrﬁaiﬂed

within the sgopg,f I V% %}.&\@Eﬁ

1. A nmet hod for tliéeatléng %%%%l%laéé%%??% Sl con act?ng
bi ol ogi cal ¥at &% Heaxk (falves and pericardimmsi ng d| met hyl sul foxide in
an anount and

i 17. The method according to claim 16, wherein said
2 heart valves and pericardium are obtained from cattle,
3 pigs, horses, yak, or kangaroco.

1 18. The method accoxrding to claim 1, wherein said
2 Dbioclogical material is a human homograft.

1 19. The method according to claiwm 18, wherein said
2 contacting comprises soaking thawed cryopreserved human
3 homograft in a solution of 70% DMSO in 0.05 HEPES
4  buffered saline solution for 1 hour at at temperature of
S5 from 25 to 37 °C.

1 20. The method according to ¢laim 1, wherein said
2 Dbiological material is synthetically derived.

1 21. The method according to claim 20, wherein said
2 synthetically derived biomaterial is reconstituted

3 collagen.

1 22. The dimethyl sulfoxide-treated biological
2 waterial prepared according to claim 1.

1 23. A method for treating biolegical material,
2 cowprising immersing biological material in a solution
3 of 70% DMSO in 0.05 M HEPES buffered water or saline for
4 a time period of from 1 hour to 24 hours at a
5 temperature of from 25 to 37 °C.



4 for-a period of tinme sufficient to inhibit calcification 5 of said
bi ol ogical material after imptantation into a 6 human or animal body. 1
2. The nethod ’Eimﬂhbeﬂﬂﬁbgae&mRepﬁLeal m 1, further 2 conprising preserving said

bi ol ogi cal mat er| t| ng with glutaral dehyde. 1 3. The
met hod accordi ng m erein said 2 p ST VT IT—FS=63 'd out
prior to said contac | 3 sai d sol ution ffohp

sul foxide. 1 4. The met hod accor d g9 t_%@ﬂfm’mrel n sai d 2
preserving is carried out subsequent to said contacting S wth=Hai d
solution conprising dimethyl sulfoxide. 1 5. The nethod according

to claiml, wherein said 2 contacting conprises imersing said biological
material 3 in said solutlon conpr|5|ng dlnethyl sul foxide at a 4

t enper at ur e of ABSHRA; g SYRErOUt 60 [err]C 17 1 6.
The met hod accordi ng to clai m5 \/\herel n said 2 imersing is conducted for
a time period ranging from 3 about three mnutes to about 48 hours. \ 1

7. The nethod accoBdiolegicall matdriabsrare $aichtad ovith cancangamiog

R e

according to clam
sul foxi de has Bfedmiiva walkeibicapioni ol Thechiobogica matetialmesoret hod

according 10 Ch#etdd ViKicine S¥éhfatiht S €8°Ukalctfication over a
5 prolonged period with no known deleterious effects to
the host. The procedure involves the incubation of the
natural biological materials in the chemical agent,
prior to or after glutaraldehyde fixation, at room
temperature or at temperatures up to 60 *C. Materials
10 that can be treated with this process include biological
materials intended for bioprostheses wusae, such as
porcine aortic valves, porcine aortic valve leaflets,
bovine, equine and porcine pericardium, aortic
homografts, reconstituted c¢ollagen, and the 1like
1§ suitable for invasive, or in-dwelling use in a human or
animal body.




10. The nethod according to claim1, wherein said -Emsstg.h@ﬁ,,gpl ?ggfqr sing
~di methyl—sutfoxide conprises a 3 mixture of dinmeth uEpLAéﬁ oxi d

wat er QhecfrRP¥sniReplagd cal saline. 1 11. Thé=nethed—acess
cl ai mq‘ 2 sol ution conprising di met hyI E‘é]’ TOT

3 nmixt B"ﬁ sul foxi de, gl utar algdehyde, aWr’g‘?H‘ZE’ST SHIET
physi_ol 12. The net hod accordl ng tt 00(1 FeB WWne ein
said 2 ‘solution corrprlsmg dimthylwis_b 70 P A -
The met hod according to claim1, whe 2 solution conprising.
di met hyl sul foxide conprises a 3 m xture of dinethyl sulfoxide and a
non-toxi c oAganeéthod forl vexhicing] calcificatioh olemlogicaﬂotismmcuseﬂ rig implahtable 13,
wherein said 2 non-toxjic organic solvent is selected fromthe group 3

consi sting biopsesthesss, isi dessrihednol Biokegigaly satenials arejtreated withs anThegamie hod

1S bl el i e ARG B b T, B

g P i e S @m%sﬁbo%wg% g
16, wh [ d 3
15 L ToRbdach g W sk sy o Tonh ke Tromeathe,

1, wherein ﬁﬁﬂo@ve% theCinegbatiin 6RUR haturalsbislogicy mireinlyr il the chemlcal agent,
prior to or after glutaraldehyde fixation, at room temperature or at temperatures

W 0 o W vt

up to 60 °C. Materials that can be treated with this process include biological
materials intended for bioprostheses use, such as porcine aortic valves, porcine
aortic valve leaflets, bovine, equine and porcine pericardium, aortic homografts,
reconstituted collagen, and the Iike suitable for invasive, or in-dwelling use in a

human or animal body.
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1 | 19. The nethod according to claim 18, wherein said 2 contacti ng
conpri ses soaking’thawed cryopreserved.- human 3 honograft in a solution of
70% DMSO in 0.05 HEPES 4 buffered saline solution for 1 hour at at

tenperature of 5 from25 to 37 [err]C. 1 . 20. T | to
claim1, wherein said 2 biological matefgal is synt hé REPLAZERENT\SHEETL

21. The method according to claim20, wherein said 2 |pynt heZﬂcMRy]g@rl ed
bi omaterial is reconstituted 3 coll 22. 1l Das -. d_l TEet. hyL

sul foxide-treated biological 2 rratgmg%)ared ac Clesgi=ng—to=ctarrr+— |

23. A nethod for treating biological material, 2 conprising inmrersing
" biological material in a solution 3 of 70% DVSO i n 0. 05 M HEPES buf fered
water or saline for 4 a tine period of from1l hour to 24 hours at a 5

tenper at urentt I8 ROR REDUCIRE EXLCIFICATION OF BIOLOGICAL TISSUE
USED IN IMPLANTABLE BIOPROSTHESIS

A method fo_r reducing calcification of biological tissue used in implantable
bioprostheses is _descfibed. Bioldgical materials are treated wifh an organic
chemical agent, dimethyl sulfoxide, to delay the onset of in vivo calcification.
The biological materials so treated become resistant to calcificatidn over a
prolonged period with no known deleterious effécté to the host. The procedure
'iﬁvc.)lves the incubation of the natural biological materials in the chemical agent,
prior to or after glutaraldéhyde fixation, at room temperature or at temperatures
up to 60 °C. Materials' that can be treated with this process include biological
matérials intended for bioprostheses use, such as porcine aortic valves, porcine
aortic valve leaflets, bovine, equine and porcine pericardium, ao:_:tic-homografts,
reconstituted collagen, and the like suitaﬁle for 'invasive_, or ih-dwelling use in é'

human or animal body.



