A CHALLENGE TO BLOOD COMPATIBLE MATERIALS

BARBUCCH ANI
A and Depariment of Chemusisy - Univessiy of Siens

" The interaction berween blood and anificial devices results in the activation
of & number of humoral and celllar processes involved in non specific and spe-
recognition of foreign surfaces by the host

" Thus the need for studies of new materials is mandatory considering that &
chinge in raw material is  decision o be made only sfter careful consideration.
The ability of heparin bound surfaces to inhibit alternative pathway activation
may be of panticular interest for the design of biocompatible surfaces. Many
rescarches. appear in the literarure to improve existing matesials by linking hepa-
fin o their surfaces or by introducing adapt chemical groups in order to render

heprin Lk materials

" Our smdies concem the synthesis of new heparinissble materials (PUPA
and EVAPA), staring from commercial products, such as polyurethanc (PU) and
ethylvinylacetste partially hydsolised (EVALVA), snd a poly(amidoamsine] poly-
tmee (N;LL) capible to form u strong complex with heporin. The N,LL carries
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ed, can clectrosmarically imtract with the nega-
The by

one day in the case of PUPA, shout a weck in the case of

Only two protwnation constants are sufficient to simulare the titration
curves dWMMEVAPAthpnll Both the protonation constants and
the & values agree with those reporied for the free N,LL polymer, suggesting

the freedom of the polylamidoamine) chains, even if crosslinked, is resto-

ed in aqueous medium.
_ Figurc 2 reveals however an hysteresis loop when titrating the two materials
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Physico-chemical characterisation

Contact angle
Ba R

PUPA 754 5.1
Hep. PUPA 400 42
EVAPA 895 120
Hep. EVAPA 830 430
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Basicity constants of N,LL (in 0.1M NaCl)

log K, = 8715 log K, = 7689
log K, = 855 log K, = 738
log K, = 866 log K, = 730




Cantoct angle measnrenseints

The top part of Figure 1 shows the advancing (8,) and receding (6,8,)
mmmﬂsﬁnlﬂndwnﬂmmpluofmA EVAPA and the hepari-
nised surfaces. Comparison of the @, values for the dry surfaces of PUPA und
EVAPA emphasises the highcr hydrophobicty of EVAPA with respect 1o PUPA.
Both matcrials undergo 10 4 surface restructuring once hydrated and the extent
of surface reorientation is greater for EVAPA than for PUPA, as revealed by the
receding contact angles of the dry and wet samples.

Once the surface of the two materials is heparinised, # different hehaviour
is still observed in terms of surface hydrophilicity ¢ surface reorientation in
aqueous media

BIOLOGICAL CHARACTERISATION

[ﬂMns!blu:mmln:ndmullbehml@mlrhnnbumnd{mnhr
rwo. materials

Both PUPA and EVAPA bind heparin through an clecrosttic imeraction
‘The fonically bound heparin is in pant released in human plasma (see Figures 3
and 4), but while in the case of PUPA the release ends after 1 day, in the case
of EVAPA only 1 hour is necessary to reach the plateay,

Th:b:pcml&h:hmmmﬂumlﬁwrﬁqp‘umawlhmg,umﬂ
active in both cases, as de d by the Resonan assay in
nJ.emenfmA-mldu:;mmmafmmpudumdcq.gd.mmu
of whole blood assays in the case of EVAPA (sce Figures 3 and 5 respectively).

Th:podnuso!lhﬁ:h{nlngk:jmnlum-yheup&nhudnlwhncmu[
protein-surface intesaction. In Figure 6 are summarised the “in sine” infrared

speciroscopic daa obtained for the adsorption of two human plasma protcins

[Albumin (HSA) and Fibrinogen (Fbg)] on the different polymeric surfices. The
kinetic plots reveal that the amount of adsorbed protein decrease with incres-
sing the hydrophilicity of the surface. Comparison of the IR spectsa of the
adsorbed HSA and Fhg with those of the corresponding native protein eviden.
ces the proein unfolding upon sdsorption on all the surfaces except than on
the hepariniscd ones. The hepatin layer seems, thus, to act in 4 manner 50 a5
10 prevent the protein unfolding and denaturation, emphasising the effectiveess
of sucface beparinisation.

HEPARIN-LIKE MATIMIALS

‘The anticoagulant activity of heparin is artributed to structurl features, e
degree of sulfution, degree of dissoclation, particular sequence of COO™ and




BIOLOGICAL TESTS ON HEPARINISED PUPA

104(£0.20) 090(£020) 1.62(£008]

100(2014) 103(£0.18) 1.00(20.02)
= = i




—3E

BIOLOGICAL TESTS ON HEPARINISED EVAPA

HEPARIN RELEASE IN HUMAN PLASMA

Amount of eleased heparin 102 mg.

10 20 30 s & 80 W 100 120
Tiare (mimtes)

Fig. 4

S0,” groups, s well as to malccular shape and size. These factors sppeas to be
related o the biological activity by virtue of their imporunce in the jon binding
apacky o Bepu
Heparin by virtue of ts high negative charges has  ssrong affinity for
cations, and » pH dependence is observed.
Most of the readily available natural polyssccharides have been sulfired in
the attempr 10 obtain heparin unalogs, and recendy. sulfate, carboxylic, and
sulfonate proups were attached tw some syntheric polpmers such as polystyrene,
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Adsorption of HSA and HFg
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destroying.
Hyaluronic Acid (Hyal), the major companent of i S
i, comsisting of alternating units of N-acetylglucossmmine und ghocoronic
residues, scems a suitable macromolecule (see Figure 7).
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Structural Unir of Hyaluronic Acid
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Hyaluronic acid has been modified by the introduction of sulfate groups, o
create o potentially heparin like material and the pH dependent hehaviour of
thin macromolecule in aquecus solution, together with its antithrombotic sctivity
has been cvaluated.

PROTONATION EQUILIBKIA IN AQUEOUS SCLUTION

Putentiometric and viscosimetric titration

The potentiomeiric and viscosimerric data are summarised in Figure 8.

In the top pare of the figure, the log K's relative to the protonation reac
tion ~COO™ + H' = ~COOH of the carboxylate group present in the struc
wral unit of HyalSO, are reported and compared! to those of Fyal, heparin and
Hyalf 11p25 (s sample of hyaluronic acid in which the 25% of carbaxyl groups
are estesified with benayl alcohol), In the same figure the n value and the degree
of protonation {a) range are also reported. The reaction follows a linear pattern
correspanding o the modified Henderson-Hassclbalch equation [log K = log K*
+{n -1} log (1 ~al/al for & wide range of .

The protonation constant of Hyaff 11p25 increases slightly with the degree
of protonation, while for Hyal and HyalSO, the opposite trend occurs (log K
decreases with increasing ). The trend observed for Hyal is consistent with the
fact that neutralisation of more and more carboxylate groups reduces the cloc-
trostatic artraction towards H* jons by the- remaining COO .

“The protonation constants follow a trend connected to the number of nega-
tive chorges present in each repeating unit. In fact the sulfation of some ~ OH
groups of the structural unit of hyaluronic acid renders the - €OO" of HyalSO,
more basic than that of Hyal, allowing o stronger wtraction towards H' fon,
The importance of the negative charges on the basicity constant appears cvident
when observing that log K of Hyal is higher than thar of Hyaff 11p25. The
lower quantity of —~COO™ groups, even if they are random spread along the
whole macramolecule, lowers the basicity constant.

The log K of heparin is the highest of the series showing thar this macro
molécule bears the highest number of negative charges. The differcnt MW's of
heparin and the Hyal derivatives docs not seem to influence this trend.

All the  valucs are close enough to | demonstraring that the protonstion
reaction of one carboxylate group belonging 1o  repeating wnit i scarcely
influenced by the state of protonation of the other carboxlute groups in the
other uaits. This behaviour occurs when the basic groups are far enough apart
on the skeleton or some cumbersome chemical groups shield interactions among
the groups 1o be protonuted,

The bottom part of Figure § shows the viscosimetrie titration of the above
mentioned samples.




ation constants of oolvsaccharides in 0.1 M NaCl at 25°C
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H' to hyaluronate reaching a minionum when

to pH. vasiations (Le. to the uncoiling-coiling process),
On the contrary, by inserting other, sot easily pmombl: groups like a.d

decrease of n/ occurs by adding ', then it remains consta
of nom neutralisable negative charges (SO, groups) inders the colling of
macromolecule when the COO™s are neutralised, rendesing the HyalSO,

to the greaser number of negi-

1n Figure 9 are reported the infrared data obuained for the polysaccharides
i squeous solution at different pHTs. The lack of lover frequencies for the
{GOOH and NHCO groups, in Hyel$0, and heparin spectra upan the proto-
on of viscosimerric results and emphasises

As heparin, HyalSO, forms u complex with copperll) ions i aqueous
media. This finding is demoostrred by 'HNMR (Figure 10) and infrared
Wﬁ 11) experiments.

The 'HNMR and BCNMR spectza of the Cufll)heparin system reveals the
involvement of the COO and sccty] groups of heparin in the complex forma-
tion with Cu(ll) ions
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NMR

The main effect, induced by the Culll) ion on HyalSO,, is the disappes.
rance of the H,-GleNAc resonance {sce Figure 10). As the chemical shifi of
the molecule docs not change in the presence of Cufll) the signal dissppearance
can be interpreted considering a strong Culll) paramagnetic contribution to the
H,-GleNAc proton as a consequence of the short distance from the metal coor
dination site. A further effect is a lincwidth cnhancement induced by Calll) on
the methyl proton of the acesyl group. This effect, in a lower extent, is alsa
observed for the nutural hyaluronic acid.

From these resules the following conchision can be drawn:

i) Culll) ion has o prefercntial binding site on heparin, hyaluronic acid and
sulfated hyaluronic acid.

ii} The coordination site involves two different polymeric subunis, the car
boxylic group of & residue and the amidic group of  previous D-ghucosamine
m

The sulfate group appacendy is not dircetly involved in the coordination
site, but play an important coopetative tole in metal-complex formation. These

include the increase of the negaiive charge on the polymeric surfzce
sesponsible for the preliminary clectrostatic intcraction with Cu(Tl) ione, More
aver the sulfate groups may reduce scgmental motion creating a more favoura
ble conditions for metal complexing

IR

main frequencies obscrved in the spectra of the heparin-Culll),
Hy.lso.-curm < 15 ol sroes w: e s pHs are summarised
in Figure 11.

The presence of the COO" absorption frequencies at pH = 20 in the case
of Culll) complex with heparin und HyalSO, means that the carboxylic group
is deproonated by the metal-ion. This finding, together with the shift of the car-
boxyl absorption frequencies, with respect tw those of the free ligands, conflem
the involvement of such group in the complex formation.

The Cu-HyalSO, inteaction through COO" groups is boweves weaker than
that occurring in the Culll-heparin sysiem. The drop of the carbaxyl bands,
with sespect 1o those of the free HyalSO, at the same pH, is lower than in the
case of heparin, indiewting a weaker interaction. of this group with the ...=:.1 ion.

43 for beparin, the prescnce of rwo amide €—0 absorptioss in the spec-
113 of HyalSO,-Culll) system conflims that this group is imvolved in the inte.
raction with the metal ion. Only one absorption is present in. the spectra of the
free HyalSO,.

No evident variations arc instead observed for the frequencies of sulfare
wroup, in the case of both heparin and HyalSO,.
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lnlhcu!o(HydCu[l])mn oulylhzdmlvd-mwﬂuglumm
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1A% fon at this pH.

CHARACTERISATION

i Time (TT) awd buman whole blood clotting time tests

The antithrombotic activity has been determined by measuring thrombin
of HyalSO, in plasma. For the sake of comparison, resulis obtained with
and Hyaff 11p25 are reported in Figure 12. It was shown that TT times
ot lengthened in the presence of Hyal o Hyaff 11p25. On the contrary,
, exhibits a lengthening of TT comesponding to 04 UL or 0.0026

o . The
longer than 2 b in the presence of HyalSO,, while for the whole blood con-
was 15 minutes. Mareover, afier 45 minutes, blood in presence of Hyal was
coagulated, and a nerwork of small congules was obsecved on the
the tube containing blood and Hyaff 11p25. These daia show that
exhibiis an anticoagulant activity.

E...m. with ersthrocytes (Hemolssis test)

% The bemolyss ssay messures the divect iteeacion of substances wih the
plims b of yiens

The results obtained with sulfated hyaluronic acid (Figure 12) shows that
this material does not have any hemolitic sctivity. In fact the control curve and
_ms_o curve are superimposed.

 Cultured buman endotbelil cells
In Fig. 12 the buman umbilical vein cndothelial cells (HUVEC) growh
shown.

curves are




BIOLOGICAL TESTS ON SULFATED HYALURONIC ACID
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“The number of endothelial cells in medium containing HyalSO, increased
time and & hetter growth is revealed than in medium conuining Hyal or
pure medium control

“The morphology of eadothelial cells was cxamined using inveried micro

al cels i mediom contsining HyalSO, were well spread with no
organisation

T fact, after 1 day the cells in medium conaining HyalSO, were almost
monolayer, while the cells in medium containing Hyal or only
g S
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ACTIVITY OF CRISMA.

CRISMA.is an Interuniversity Research Center for Advanced Medical
Ssumlnwmdulheunmmhﬂnf]!dup-‘]!m Milano and Siena arc

Tbemaammdomh.m:ommmmunymdmm"bm
ing of materials with an improved blood compatibility o be utlised for car-
diovascular prostheses, oxygenators, extracorporeal circulation circuits, dislysis
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catherers and any other apparatus coming in contact with blood,
& whole anificial heart.

parsicular, the rcscarch performed in Prof, Barbucei's regards

¢ of some polymers (polyamidoamines) capoble to stably complex hepa-

physiological pH. These polyamidoamines were synthesised and both

d 1o the surfice of some commereial materials and erosslinked with other
ariginating new materials.

study involved insulin controlled release systems modulated by

.

se concentration.
e scientific activity can be summarised in the following main poin
— Surfoce mudification (by chemical or playma treatment) of commercial polyme-
ric matericls ami synthesis of wew materials with tmproved haemocompatibility
a) srface modification und subscquent. bepurinisation of suburates of:
lass, Dacron, PYC, Silastc, polyurethane,
b synthesis of beparinisable materiaks,
©) coating of medical devices with heparinisable materials,
d) surface pelymer graiting of cellulose membranes via chemical routes and
alow discharge.
Physico-chemical characteristion of bramaterisls
al FTIR/ATR, FTIR/DR,
b) contact angle measurements,
« porendometsy,
8) calorimerry,
e SEM.
Study of the adiorption of plasma proteins by in st unfrared specirosopy
Biological characterisation. (i vitro tests)
a) citotossicty tests,
) thrombocenicity tests,
) haemolysis test,
) sudy of heparin release in plasma.




