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PMMA has been introduced recently in dialysis procedures as a 
hollow fiber device. In order to improve efficiency, 
hemocompatibility and mechanical properties, new flat membranes 
have been made by spraying PMMA-PU mixtures over a cyli ndrical 
rotating mandrel using a combined spraying and phase inversion 
technique (4). Thre e different mixtures have been eva luated , 
nam e l y : PMMA(70)-PU(30), PMMA(SO)-PU(SO), PMMA(20)-PU(80). 
Mechan ical testing showed that addi ng PU results in a substantial 
toughness increase , especiall y for PU conte nt above 20 %. 
Hemocompatility characterization was carried ou t according to the 
protocol for blood material interacti on proposed in a n NIH­
publication (6). No signi ficant differences from th e basal va lue 
for any performed tes t were found. Transport property 
measurements wi th water, NaC l, Vit.B12 were pe rformed in a 
dialysis appa ratus of new design . Such new membranes showed 
higher permeability to small solu t es and middle molecules in 
comparison with Cuprophane®and polyacrylonitrile (PAN) 
particularly in convective diffusion. The resulting hydraulic 
permeability was about one order of magn itude higher than PAN. 
Ou r preliminary results show an improvement in mechan ical 
behaviour, hemocompatibility, and in mo l ecular sieving capacity 
wit h respect to PMMA. The high hydra ulic perme ability also mak es 
these formul a tions int eres ting for hemofiltration. 

INTRODUCT ION 

PMMA was selected as a material to be emp loyed in membrane 

frabrication for hemodial ys is applications becaus e of its 

cha ract e r istics of good hemocompatibility (r e f.1) and it s extreme 

versatility (ref.2). In fac t PMMA can be made in a variety of 

form s under a variety of conditions, and has been recentl y used 

by biomedical industries for manufa c turing dialysis devices. A 

disadvantage of this material is its high brittleness wh ich makes 

its use difficult in membrane dialyzer production. The machining 

of extruded membranes requires care, since their mechanical 

properties are very poor, fractur e is more likely to occur. 

Therefore PMMA is preferentially shaped in hollow fiber form to 
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use ln holLow Iiber dialyzer productjon. ln an attempt to
anl:roc il-s annl ìcation we studied composite membranes composed

of PMMA and an efastoneric PU.

As PU's to be employed as strengthening elements in the

construction of the PMI4A-PU membranes, we selected the segmented

PU's. This class of materials, because of its excel-Lent physical

and mechanical behavior and relatively qood hemocompatibllity,
has been found useful in the fabrication of various biomedical

devices to be placed in contact with blood, such as artificial

hearts, intra-aortic balloons, catheters, and blood conduits
( ref.3 ) .

MATERIALS and METHODS

Materiafs
As startj-ng materials for our membrane fabricatlon we used the

fAt
fo ì lowing commercial- products: PMMA sheets ( Perspe>à/ f. c. T . Ltd. '
England) ; poly(ether-urethane) (pEtU) pellets (Estane@ 5707-F1,

Goodrich Inc., U.S.A. ); a l6a solutlon of PEIU (90%) -
nal rrrli mafhrzl si I oxane ( PDMS ) ( 10? ) block copolymer in 2:1
Hvrlulr.l!f)

Tetrahydrofuran (THf)-1 r4 Dioxane (Cardiolhane 5Ì-, Kontron

Cardiovascular Inc., Everett, Ma, U.S.A. ).
Membrane fabrication technology

The fabrication of porous menbranes was performed modifying a

^^mhih^^ -^Éî',i-- :ncJ nhase inve.rSian fanhniarra nrarzìOUS1yLUrtruf IIYU r|Jr oy f rrY etru urrqru
omnl nr;od Fnr mi.r^n^rÒìtq sma I I cl ì amcf er rraqctr ì: r nrostheseser'.yf vt rL're! vlrva

production (ref.4).
In order to obtain membranes with specific porosity

ranrriromonfq we froaled fhe nolvmeric m:fcrial ttsino SOmercrlufrvrrrsrr

principfes similar to those employed for porous membrane

frabrication in a process referred to by Kesting as phase

inversion (ref.5). This process rnvolves the conversion of

homogeneous polymer solutlons lnto a two-phase system vrihh a

solid, polymer-rich phase forming the rigid membrane sLructure,
-h^ 5 I i^:ìi^ nalr.mar nnnr-nh:co Fnrminn f ha mcmìrr:ne n^rèq Tndllu a rfulufu, yurJrL's! Irvv!-I,rrqrc !v!r"rrrY

'I l-hìc nh:cn <an:r:fion e:n he achicrzed bv ad^t-- ^ -^-uI uuufll9 o rrurr-

cnl rronl- l- n l- ha n^l,,î^';^ -^l ',# i an lVa :chi crzad nhase Sena raf i Onyvfyrllsl LL òvIuLf,uII. vgu yrruJL

by using steam as non-solvent.
Tn nractical fermq fraonenfed PMMA sheets and the differentfrr vrs!

seomenterl Ptlts loellets or sofution) vrere separatefy dissolved or
JvY4'vrrevs

diluted in the same solvent used for Cardiothane 51@copolymer.



203

The materials were solubilized in the 2:l THF-1,4 Dioxane solvent
mixture and stirred at 70 "c. Finally the solutions were kept
irrsf:s or rrscd fó nrcn:ra mivftrres of different PMMA-PU ratios.
Moreover, because of the requirement of spray Lechnology for fow
h^ì I i -^ ^^i -r ^^l ì "+ i înS Were dil uted with acetoneuuf f ]r19 puf rrL 5urvvllL>, >urLrc >ur uLt\

in ordor fn drnn fhcir ÌrniIino noint and to obtain solutions thatuv vr vy

were easier to spray. The preparative data for the working
solutions are shown in Tabfe 1 :

TABLE 1

Materials and concentration of the solutions used for membrane

preparation.

Material Sofutlon

'l ì a':rdin1- h:no (l

2) Estane 5107 F1

3 ) PMMA

4 ) PMMA( 20 ) -Card. ( 80 )

5) PMMA(30)-Card. (70)

6) PMMA(50)-Card. (50)
7) PMMA(80)-card. (20)
8 ) PMMA( 50 )-Estane(50 )

? ^ af ^^l-'m 
.J Y v!

Dloxane
I ^ ^f nnlrzm .
J Y VL

Dioxane

3 g of polym.; 2% solution
Dioxane carried at i % with

2? solutlon in 2:1 THF-1 '4

2% solution in 2:1 THF-1,4

in 2:1 THF-I,4
acetone.

The apparatus for the manufacture of membranes that we have
dorralnnad ìn nrrr 'l:hnr:l- nrrr ì e rcl:f irzolv qimnle- The nolvmerusvurvvLv

solution and the steam are simultaneously deposited through two
can:r:l-a idonf in:l a-iecl-orq lT,cfraqe - ^n \ ^t^l*l^^^ -+^^lJL Ul r, UIILU d >Lql

rnl-:l- inc crr'l indor lDì: 6R mml Thc-^.- ejectors are assembfed onto a

block which moves lengthwise bidjrectionalfy with respect to the
-^+a+ìn- ---1 inn^- Thev are oosjtioned at 45' to one another andi uLo Lf rr9 LÌ f arruer

^1 r i---J ^^ +L-! rha icfqfrc:mq con\/eroe af one nOinf On theor Lr9rrEu >u LrraL Lrrs JcL> uutrve!YU uL vrru yvrrrL

cylinder (F-Lg. I). Both Lhe rotation of the cylinder and the
longitudinal movenent of the ejectors are driven by two separate
motors provided with electronic variable speed controls. The

cyllnder was cfeaned with a 0.5% solution of triton X-IOO in
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Fig.1. l{achlne for manufacture of the Pl4l'1A-PU membranes

water, rinsed with deionized water and absofute alcohol, and
\/acnnm drvod hefor^ ^*--"i th^ nÒl\/mèr qólrrfionq, Th€tvr l Lu -!,r al rrrY t,vtJ rLLs!

solrrtions werF qnr:rzcd rrqino comnressed air at 0.6 atm at room

temperature, and with a distance of B cm between the ejector
orifices and the rotating cyl-inder; the cylinder rotation speed
end oiccfnr morrcmcnf qnccd were 600 rnm and 70 cm/mins.re !J ryvuu

resneef irzelru - The nolwmer solrrt ion criicklw eonrrerf s into a

white, opaque, swoffen three-dimensional neLwork when it comes in
contact with the steam. The porous mernbrane resulted from local
nrò^i ^i f =f i an ^€ nnl \/mFr e alqcd hw f_he non_So'[Vent. Af ter 100 tOvr vvJ

150 passes, membranes presenting a sponge-Ijke sLrucLure,
annrnvimafolrz ?) am y ?) em hv 150-200 rrm fhick- wero fabrjcated.
In order to avoid inhalation of the solvents and possible
contamination of the material, aff processes were carried out in
a laminar flow chemical hood.

Af this noint fh^ ^'^r-ì^^^ ^+^^r crzl indor cnrzcrcd with thepvr^rL urrg >UdfrrIgÒ> JLcsf UytrIIus!

newly formed membrane was removed from the machine and
immediatefy submerged in a bath of deionjzed vTater t-aking care to
avoid dessication or compression. Th.j s step \,r'as performed j n
order to stabilize the delicate sponge-Iike structure of the
mcmhr:nc ìrt alInurinq fhe snlrzenfs fo ar:drr:IIrr Icarzc and the
nonsolvent to enter the pores in the structure. The membrane \.{as

Ìef t in the bath overnight. FinaI Iy, the membranes were \.,r'ashed

with deionized water and then placed to dry at room temperature
between two sheet of absorbent Daper.
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\îaalr:nìn: I m^É^h^lnai^=l :nr..i harnn6mn^f ihi I ifw characterization

The apparatus we used for mechanical testing was an lnstron
1185 model. The test.s were performed on samples of 100 mm in
length, L5 mm wide, thìckness variable between l0-60 pm, at room
temperature, and at a deformation rate of l0 mm/min.

Se:nnino clccfron nìnrncnnnU lalrMl waq ncrfnrmod fnf estimatiOnP!! ! v! 'Lruv ! v

oI the pore size and characterizatjon of the surface morphofogy
of the membranes. The apparatus we used was a JOEL T 300 SEM.

Hemocompatibilìty characterization was carried out according to
fhó -r^+^^^l F^- blOOd maLerial Inlaractior_ nrimàr\/ and1r, PL L'r'a! y

secondary evaluation tests, proposed in an NIH-publjcation
(ref.6). The tests we per[ormed as primary evaluation tesLs
were: whole blood smear; pìatelet count; leukocyte count;
crrrfhrnnrrl-è .^rrnl- :n^ mnrnhnl^^\/. DTT. ^l-^-1 fjkrìr^^^h. ^lîrhîu'JLrllvrj ylrvfvyj, Ltt, l,f,aùr"a rfurfrlugerr, IJfa>Ira

free hemoglobin. The test we perforrned as secondary evaluation
test vras: lactate dehydrogenase.
Transport propertjes measurements

We studied Lhe membraile transport properties with a dialysis
apparatus consisting of two hydraulic circuits connected with
cel ls scnar^tod l-rr' f hc festino nemhranc rfomnorel-rrroS andr urrrv! I

pressures were monltored in each circuit_ and transmembrane
pressures were balanced for l.iquid and solute permeabiLLty
determinations. We used water as sofvent and NaCl and Vitamin
812 as sol-ute. For each kind of membrane, both commercial and
produced by us, we plotted characteristic diagrams in which we

reported the Lp, D€*, Jv*.y values as a function of Ap. These
nàràmFterq :rè nórmAl lv Used fo deqcrihe fho l-r:nqnnrf nrnnortiocu!arLryvr L P!vPL! Lfuo

of homogeneous nembranes and according to the theoretical
nnncirlar:+i^n- -^Dorted Ln Iiterature lreFs_7_Bì. fhcoLru,rò Lepul Leu LtÌ IaLeIdLU- _ , _.._t f meanlng

is reported as follovrs:

Lp = Hydraulic permeability = Jy/Dp(cm3/s.cmr.mmHg).
Jv = Vo.Iumetric f lux (cm3/s).
nòx- l F ^f f^^f ì-'^ 

^ì+4' ^1.'l!-. a t^a t 2 rus - AIJI.JdIcrrL erreuLf Ve utrrUSlVIty = .JS. t/Ut tCm /S,l ,

,ls = Solrrfo f lrry lalc\44si\ \Y/Jr.

C'1 = So lute concenf ràt i nn I o /cmJ ì\Y/ L|L / '

f = llembrane thickness (cm).
Tr,>k- r,, I t ^-2 1^ tv.r tulÍ /r/.

y = Js/Jv. Cl ( adirnensional ) .
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RESULTS and DISCUSSION

The results show that the conblned spraying and phase tnversron
technique a I lows us to pr-epa re composite menbranes pf,li\iA-pU wh Lch

can not be obtained with the ordinary method used for membrane
preparation (e.9. controfled evaporation or immersion
precipiLation). This is due to the inhomogeneous so-Lution Lhey
form fo-LIowi ng thei r conternproary solub-i L izat jon and to the
resuJ ting j-nhomogeneous cast menbranes which show phase
segregation fol lowing sofvenL evaporation. This technoJogy may

also facilitate the creation of rnembranes with mechanical,
-^-^L^r^^r^^l ^-.l ir:nsnorf nronerf rr eh:r:el-oricf icq urhinh rr:rrz"Lv' bJ,,utvYrLor, drru

over a wide range. fn our approach, with Lhe use of a ì iquid
solvent.-steam nonsolvent system sprayed onto a roLatrng cylinder
we blocked in Lhe solid phase rhe homogenous situaLron of Lhe

PMMA-PU míxtures (Tab.'1 ), resulting in the local precrprLarton ot
the materjal to form a micr-olorous structure (Fig.2).

i'i9.2. SII'ì's cf the l).i-A(30)-PU(70) rneinbran=: a) Membrane

surface at I 5O0x magn i fication shorving pores of
approximateìy 2-3 pm in diameter: o) Cross-sec:iona I view
at 2000x magnification. In this sect.ion the microporous
sponge-like structure of the menbrane is also noticeable.

The results of the mechanical testinq relatrve to pf'{MA, pU and
PMMA-PU rnembranes are iffustrated 1n Fiq.3.
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Fi-9.3. Stress-strain relationship curves of: a) PMMA 100%, b)
PMÀ{A B0%, c) PMMA 502, d) PMMA 30%, e) PMMA 20Zt f) PU 100%

Curve a) represents PMMA alone. Its behaviour is typical of
c1- rnnn Ì-,'f Ì1.i1{- ìa azf cflials: hioh ClaStic mOdUfUS and Small

elongation at break. Curve f) represents the Cardlothane 5l@

alone. Its behaviour is typical of an efastorneric material: lolt
elastrc modufus, high deformation at low loads, and high
olnnn:t ian rr- h,^rl, rn-rò:cìnn +ha % of pMIvlA jn Lhe ennnoqifoev,.,PvJ r LU

membrane (Curves e and d) results in less elastomeric behaviour,
an i ncrease of the initial efast.j c modulus, reduced elongat i on at
low loads and an essential reductjon of the elongation at break;
ultimat.e tensrle strength does not. snow significant variations.
Passing from 30% to 50% in PMMA content in the membrarre, we can
note a marked variation of the material behaviour (Curves c and
b). The trend of the curves are closer to the PMMA curve: the
elogation at break is drasticaJ-ly reduced with remarkable
increase in the efastic rnodulus and the ultimate tensile
strength.

The results of t.he bioJogical testing refative to pMMA-pU

membranes samples are illustrated in Table 2. The values of the
tests shown in Table 2, after 2 min of contact time between blood
and djfferent PyíMA-PU preparations, cio not after significatively
the basal value of the whole human blood.
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TABLE 2

V:lrreq nf fhe nrim^- --r ^^^^-r^- evafuation tests for bloodyL rrlrar y arru rsuulruq ' J

materiaf interaction.

DdSdr vdauc After contact
(2 min at 37oC)

Dri m:rrz

1)Hb (%)

Eva luatlon:

?ìDl:Folal- na,rn* Ino /ml \

?ìl.orrLnnrrl. o nnrrnf 1no /m|ìJ / ueu,\v!f \ II / rt'r /

4)Erythrocyte count (n"/rnI)
5 )PTT ( sec )

6lDlrcm: fihrinnaan lmnPl

?\nl -^h- É-^^ À-^-^alnl-,ìn
Y +vv+rr

Secondarv Evaluatlons:
l lr.rnl-:fo rlahrrÀrnnanrco llnil- cì /E r ?

Li.4 t 2.1
175000t23000
7400t800
48900001540000

26 t 4.2
320 t 60

absent

l? A r I a

170000119500

6900t750
4930000t600000
25.8 + 3.9
305 t 55

absent

47 x2

The resuÌts of the transport properties measurements
to our PÌ'{MA-PU membranes, compared with two commercial
(Cuprophane@and AN 69, po;yacryfonitrile (PAN) ), are i
in Flg. 4.

t - ceat.t.. ta - H,
.-c.aar.gn.f-É-
| - à atft.r!
l-C*al.tia$_Ér
a-a.tF.{-h$

t r rrtl l, I n

a) with NaCl; b)Fig. 4 -Li I I +., -^--.,-^-^-f ^.rELlilCCUrrf L)/ rLLsA-u

re 1at 1ve

membranes

I lus trated

;
a

rj'

b
IOO .@

L,a
with Vit.Bl 2

!-cr.drcsr.to-ms
.-C.ról.sn.20-ffi&

,-Csd'ogn.9-'rfls
t-4.r.^.to-&$
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r^^r.r-'- ^+ +L^^- nicfrrrcs if annc^rs fh:f i-he "a comoOSitiOn of!vu^f II9 o L Llrs-c Prr Lur uvyuq! urrs o LvILt

the nembranes can markedly affect the membrane transport
nrnnerf ieq- Srrhsecrrenf lw if is fottrr +L^+ r+ r^ -^^^ible top!vyur urur. rupJeyuurrurj a u rJ r vurru LlraL r L r> pU>J.

modulate the value of Dex in a wide range above and below the
value of the commercial membranes. fn addition, such new

membranes can be formul-ated easiJy in order to present higher
permeability to small solutes and middle molecules in comparison

@with Cuprophane-and AN69, particularfy in convective diffusion.
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