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tole|able marerial .  Aqueou\ Cets {ce utose. pot)  n}orox}-
eth) l  melhacrylale and.oLien, and , lbumin coarings
have been widely used L I rl.

In. rlis brief paper we consider ody the panicutare

pa.ricdat€s

There are a number ofways in which paniculare maner
is delivercd to an organis.n: l) by dnect respnation of
particulateladen air: 2) by surgery; J) by innavenous
solutrons;4) orally: and 5) by exrracoryoreal rherapy.

We arc concemed only wirh rhe tasr category. The
particles produced by extracorporeal cncuits can be di-
vided into two classes; biologicat (ctots, platelei aggre_
gates, cellular emboli, miceliar aggregares and so on/ ano
nonbiologic.l. Biologicat particulate marier is potentiatty
revenible, and in rhe case of ctots an eflicienr mecnatusm
exists for their dispersal and removal. Nonbiological par-
ticulaie rnatrer is generally treated as foreign marier and
processed inro rhe reticuloendothelial system for break
down (if possible) and for sequestration.

We are concemed here only with nonbiotogical panicu_
late matter which is due largely to two major sources:
roller pump tubing debds, and sorbent pafticles or frag_
ments which escape the restraining elements in the cir_
cuits (generaly screens or filrers).

SortEnt mic.o p{ri.tes

The solbenr fragmenLs arise f,om rso source\: mic_
roprnicles p.esent in and on lhe sorbenr glanures, ano
particies formed by granule/granuie or granule/€oDtainer
collision and anrition.

As received, activaied carbon granules genenlly con
tain large-quanriri€s of fines or microparticles on ther
sufaces Lll, 121. The appeannce of ihe carbons is
sready affected by proper washing lt2]. The particutate

Adsorbent hemoperfusion: Nonbiological particulate matter
R. VAN WAGENEN, D. L. CoLEMAN and J. D. ANDRADE

Deputtnent .J Mat.tiats S.:ience and Ensiaeerins akrj tBtitut for Bione.li.at Engine.rinS,
Uniee5itr of Utdh, Salt Lake Cn!, Utah

Adsorbent hemoperfusion generaly consists of passing
blood over a colulnn of sorbent granules constrained
within a suitable exrracorporeal circuit. Cenain sotures are
adsorbed on the suface of the gnnules and thereby re-
moved from the blood. In many cases rhe physical adsortr
tion process is strong enough to rernove normatly
protein bound substances lll. The three senerally
utilized classes of sorb€nts are: I ) ion exchange resins; 2 )polymeric, nonionic adsorbenb, in pfiricular the Amber-
lite XAD series (Rohm and Haas Corp. ); and J ) acrivated
carbon. The last js a broad-specrum adsorb€nr suitable
tor removing a variery of exogeneous and endogeneous
r, ' \ in.  L I  l .  includjng,ome of inreresr in urcnia '2 a].  or
rhe rhJee clarses nored. onl) acli\dted carbon har been
shown effective and usefut in ibe partial rrearment of
urenia 12J.

The $eat bulk of the work on activatea cdoon
hemoperfusion has utilized ganules or pellets; however,
work oniydrcphilic fibers containing powdered acrivared
carbon L5j and on diatysis membranes conraining acti_
vated carbon is in progress.

Sorbent hemoperfus ion for acute appljcarion is becom-
ing generally recognized and accepted. polymeric adsor-
benr5 ha\e been appl ied by Ro,enbaum ror acure poi.on
treatrnent L6l. Activated carbon has been exr,ensively
u\ed for rhe.lrearmenr ofrcute poi.orung dnd acuF nepa_
Ljc failure\ J l. il. An acrndred carbon carrridge rJOO g.
hydrophilic polymer coated) is now coDrnercia y availa
ble in limited quantities [8].

There are, however, two probtems associated wu sor_
benthenopedusion, panicularty forchronicappticatjons:
1) blood conpatibiliry of rhe sysrem; and 2) particle
release from the exracoryoreat circuir.

Blood compatibility has been considercd in a number of
publications L9 111. ceneraly the Fobtem is solved by
coat{g or encapsulating the adsorbenr widr a blood-

O1075. h) dre Inhnanvnal Soc,ery oi Ncphtutoey.
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release observ€d as a tunction of washing time and condi
tions can be quantitated and gready afiecred by rhe nature
ofthe washitrg teatment Ll2, 131 . With almosr all wash-
ing procedures a point of dirninishing retums is reached,
which is probably due to collisions and attrition, where
further washing is not helpful. Atirition tes.s are avallable
for the eval ution of various carbons [ 12] . The eff€cr of
affftion due to granule movement and collisions can be
geady decreased by the use ola totally fixed bed column
l8 | or by inmobilizing the particles in some manner.

Our work has shown that a colunn of well,cleaned,
shong activated ca6on (up to 200 g) perfused at a flow
rate of 150 to 200 mvmin for ttiree hours generates 200 to
500 rzg of carbon padicles, w.ith most of the pariicles in
the l,to 2 r! diameter Iange L 12, 13l. These data were
obtained in a clos€d ir ritfo ciftuit where the perfusare
was passed tlmugh a 0.22 pm porc diameoer Millipore
filter.

The Frticulate relerse can be decEased significanlly
by coating the carbon; some coatings are obviously much
more egecfve than others in reducing the paniculaoe
release Ll ll. Althougl' 'tudies are avaiiable comparing a
wide range of carbons and preparation trcatments tor
particle release L 12|, no such study is available for car
bons coated with the various available and rcadily pre
pared coatinss [1l]-and such a study is needed before
extensive commercial development leads us to one coat-
ilg type.

Potymeric adsoftents, originaly believed to be consid
erably cleaner than activated carbon henopertusion I 14] ,
also suffer ftom micmparticle problens [6].

Do such panicles have histopathological significance?
The studies by Hasstam, Lanson and Thyse [ts], n
which considemble quantities of carbon particles weft
infused into mbbirs by activated carbon (uncoaied)
hemoperfusion, showed relatively little .issue rcaction.
Activated carbon particles deposited in tissues show little
evidence of tissue reaction.

In order to semiquantitate the sensitivity ofhistological
m€thixls for d€tecting carbon particulate matter, we con-
ducted a preliminary double-blind srudy itrj€cting control-
led quantities of carbon paniculates into rhe tail veins of
Swiss Webster mice.

We dssumed a 70 kg patient would rreive up to 700 r.g
ofcdbon particles per p€rfusion, or up to 0.01 ng,&g. We
then injec.ed r!-sized carbon panicle,! into the tail veins of
Swiss Webster mice at doses of 0.01, 0.1, 2 and 10
ng/kg, i.e., up io dree orders of nagnitude greater than
we qoul,l €xltecl in a clinjcal hemopertusion using our
systfms. No acute effects were noted in any of the mice.
The $imals were sacrificed at I , 7 and 24 1r, and lung,
liver, spleen and kidney were examined histologically.
The samples were coded so the person doing the histolog-
ical evaluation did not know the padculate dose or suru-

val time ofthe lissues examined. The results are given in
Table 1. It is clear that panicles aft rcadily seen only with
the 1 0 mg/kg dose. Thus, pafiicle loadhgs on the oder of
over 200 times higher than that produced by a single
perfusion are requir€d before such particles can be rcadily
deiected hisiopatlologically. It is evident thai nonhis-
tological methods are rcquired to detect particulate re'
lease. Such nethods are rcadily available [8, 12].
Another tentative conclusion, if these prelirninary data
can be extrapolated to theclinical situation, js that several
years of daily sorbent henoperfusion would be required
before particles could be rdddtb detected on histological

Panicle loading can perhaps be de.r€ased by a factor of
10to 100 or more times what we have cunently achieved
by selective coating treairnents [2, S] or by column de-
sign and packins L8 | .

Roller pump tubing pmticles

Panicle release fron activated ca$on hemop€rtusion
circuits may be a relaiively minor pad, by weight, of the

Tlble 1. The histological evalu.tion of ariaarcd crbon
par r i . lp :  in  e ! l ld  r ro  r ] re  re l  re r  o r  s \q . .  \ reb . re r  n ice .

'time.ht Organ I0 2 0.1 0-01

Kidney 0

0

0

0
0
0

0
0
0
0

0
0
0

0

;
0

0
0
0
0

24

0
0

0
0

0

0

acarbon p&ticles were snaller &m those cen i! tnc 1nlg.
Tissue @tions ver€ graded on a 0 10 + 4 $ale as folows: 0.
no celon pdnclq per high powor neld Opf,400 x) in 10
fields oI view (li-V-); 1. 1 or 2 ldticles seen in 1 or 2 of tle
10 F.V,: +, 1 or 2 panicbs in 5 of the l0 F,V.; *, I o. 2
pdicles in 9 or 10 of lne 10 F.V.j ++, 2 or 3 larricles in 9 or
10 or tne 10 F,V.i ++, nor€ ftd 3 luticles 'n 10 of the
10 F.V_
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total particulale loading to which a chrodc henodialysis
patienl is subjected. This statement results from in vilrd
conuol , rudie. of ,o 'bf .1r heroperfu. ion circuir ,  conrain.
ingzo sorbent- In such studies we found mg quantities of
large particulate matter, readily observabie on scanning
electron micmscopy ofMillipore filters. We conducted a
preliminary study of padicles released by polyvinyl
chloride (PVC) anerial hemodialysis tubing sets from

B
FIs, 1.S.d,,t a electon hi gtuph d particles ar Millipor.
ftb(a.22 tt?.res)p ntft?d nurinq an ]n yito nu.,.fpanittz reh^€
ta p.l:Jrittyl rhtui.le huodiabns artundl tubing set . A), The WniLle
dm.Niohs./e appturnndteb 10 \ aO x 2$ p, B), Whi.le kaBth
dinension is abaut 30 p.

tbree main U.S.A. suppliels. The purnp tubing segment
was placed in a Sarns Model 5.500.roller pump adj usted to
the "just occlusive" mode l16l. P.rticle release wa5
mersured by total weighi change ofthe filter and varied by
two orders ofmagnitude (frorn about .01 to over 2 mg),
depending primarily on the tubing set suppl ier. The filten
were exarnined by scanning electron microscopy and the
particles clearly seen (Fig. l)- Enefgy dispersive x-ray
analysis in the scanning electron microscope indicaled
that some of lhe particles were very rich in chlorine,
leading us to susp€ct that they dre polyvinyl chloride.

It, thus, appears from these preliminary studies that
patients placed on exhacor?oreal circuits uiilizing roller
punps wirh PVC pump segments may be receiving PVC

. Simiiar results were obtained by Boretos and Wagner
Ll'7 J h an in itro study of particutate production by
pump tubing segments utilized for cardiopulmonary
bypass.

ff all the particles lre lts laJge as indicaGd in Fig. i,
they might b€ fiiierable by blood line filten or by a fixed
bcd of adsorbent panicles. Hovever, it is probable !ha1
much snalter particles are dso gencrated and infused by
the circuit. Our activated carbon work shows that a major
number of the carbon panicles released are in L\e I to 2 r.
ra.qe (1or Witco 517 uncoated actiyated carbon, see
I 12 ). Such particles could not bc removed by conven-
tional fi ltration meihods.

Disulsion and comlusions

The preliminary work reponed here indicates: /)
polymer particulate nattcr is released fron at le?st some
PVC roller pump nrbing segments when pumped with a
"jusr occlusive" roller punp; 2) palticle release by
well-washed, weli prepared and properly selecled acti,
vated carbon is about 200 to 1000 rimes below the level
required tbr routine histological detection and a factor of I
to 100 (by weight) less than thai generated by PVC pump
tublng segnents; 3) particle release by coated carbon is
considerably lowerthan thai for uncoated carbon, and js
greatly dependent on the rype of coating.

In addition, we know that PVC contains 30 to 509,
plasticizer, cornmonly dioctytphthalate lts]. rhe aio
ctylphlhalatc is readily leached and released into the or
ganism, and there is growingevidence that dioctylphtha-
late is relatively toxic lle]. nrus, one can suspe"t tt'at
P VC paficles released into an organism wi tunctionasa
local "drug" release system, releasing dioctylphthalate
io the organisn. It is thus possible that PVC particles may
have physical dnd chemical effecis on ihe organ;s m. lf we
insislonconposing alisto{potential urenic toxiDs. PVC
oafl ic le '  and dn' tr) lphrhJlare should ar lea\r  be Jon' i .
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l l

t 7

1 8 .

t9

1 0 .

1 2

t3

Ir is imp€rative that particle release by extracorporeal
cicuits be quartitated and ninimized.
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tole|able marerial .  Aqueou\ Cets {ce utose. pot)  n}orox}-
eth) l  melhacrylale and.oLien, and , lbumin coarings
have been widely used L I rl.

In. rlis brief paper we consider ody the panicutare

pa.ricdat€s

There are a number ofways in which paniculare maner
is delivercd to an organis.n: l) by dnect respnation of
particulateladen air: 2) by surgery; J) by innavenous
solutrons;4) orally: and 5) by exrracoryoreal rherapy.

We arc concemed only wirh rhe tasr category. The
particles produced by extracorporeal cncuits can be di-
vided into two classes; biologicat (ctots, platelei aggre_
gates, cellular emboli, miceliar aggregares and so on/ ano
nonbiologic.l. Biologicat particulate marier is potentiatty
revenible, and in rhe case of ctots an eflicienr mecnatusm
exists for their dispersal and removal. Nonbiological par-
ticulaie rnatrer is generally treated as foreign marier and
processed inro rhe reticuloendothelial system for break
down (if possible) and for sequestration.

We are concemed here only with nonbiotogical panicu_
late matter which is due largely to two major sources:
roller pump tubing debds, and sorbent pafticles or frag_
ments which escape the restraining elements in the cir_
cuits (generaly screens or filrers).

SortEnt mic.o p{ri.tes

The solbenr fragmenLs arise f,om rso source\: mic_
roprnicles p.esent in and on lhe sorbenr glanures, ano
particies formed by granule/granuie or granule/€oDtainer
collision and anrition.

As received, activaied carbon granules genenlly con
tain large-quanriri€s of fines or microparticles on ther
sufaces Lll, 121. The appeannce of ihe carbons is
sready affected by proper washing lt2]. The particutate

Adsorbent hemoperfusion: Nonbiological particulate matter
R. VAN WAGENEN, D. L. CoLEMAN and J. D. ANDRADE

Deputtnent .J Mat.tiats S.:ience and Ensiaeerins akrj tBtitut for Bione.li.at Engine.rinS,
Uniee5itr of Utdh, Salt Lake Cn!, Utah

Adsorbent hemoperfusion generaly consists of passing
blood over a colulnn of sorbent granules constrained
within a suitable exrracorporeal circuit. Cenain sotures are
adsorbed on the suface of the gnnules and thereby re-
moved from the blood. In many cases rhe physical adsortr
tion process is strong enough to rernove normatly
protein bound substances lll. The three senerally
utilized classes of sorb€nts are: I ) ion exchange resins; 2 )polymeric, nonionic adsorbenb, in pfiricular the Amber-
lite XAD series (Rohm and Haas Corp. ); and J ) acrivated
carbon. The last js a broad-specrum adsorb€nr suitable
tor removing a variery of exogeneous and endogeneous
r, ' \ in.  L I  l .  includjng,ome of inreresr in urcnia '2 a].  or
rhe rhJee clarses nored. onl) acli\dted carbon har been
shown effective and usefut in ibe partial rrearment of
urenia 12J.

The $eat bulk of the work on activatea cdoon
hemoperfusion has utilized ganules or pellets; however,
work oniydrcphilic fibers containing powdered acrivared
carbon L5j and on diatysis membranes conraining acti_
vated carbon is in progress.

Sorbent hemoperfus ion for acute appljcarion is becom-
ing generally recognized and accepted. polymeric adsor-
benr5 ha\e been appl ied by Ro,enbaum ror acure poi.on
treatrnent L6l. Activated carbon has been exr,ensively
u\ed for rhe.lrearmenr ofrcute poi.orung dnd acuF nepa_
Ljc failure\ J l. il. An acrndred carbon carrridge rJOO g.
hydrophilic polymer coated) is now coDrnercia y availa
ble in limited quantities [8].

There are, however, two probtems associated wu sor_
benthenopedusion, panicularty forchronicappticatjons:
1) blood conpatibiliry of rhe sysrem; and 2) particle
release from the exracoryoreat circuir.

Blood compatibility has been considercd in a number of
publications L9 111. ceneraly the Fobtem is solved by
coat{g or encapsulating the adsorbenr widr a blood-

O1075. h) dre Inhnanvnal Soc,ery oi Ncphtutoey.
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release observ€d as a tunction of washing time and condi
tions can be quantitated and gready afiecred by rhe nature
ofthe washitrg teatment Ll2, 131 . With almosr all wash-
ing procedures a point of dirninishing retums is reached,
which is probably due to collisions and attrition, where
further washing is not helpful. Atirition tes.s are avallable
for the eval ution of various carbons [ 12] . The eff€cr of
affftion due to granule movement and collisions can be
geady decreased by the use ola totally fixed bed column
l8 | or by inmobilizing the particles in some manner.

Our work has shown that a colunn of well,cleaned,
shong activated ca6on (up to 200 g) perfused at a flow
rate of 150 to 200 mvmin for ttiree hours generates 200 to
500 rzg of carbon padicles, w.ith most of the pariicles in
the l,to 2 r! diameter Iange L 12, 13l. These data were
obtained in a clos€d ir ritfo ciftuit where the perfusare
was passed tlmugh a 0.22 pm porc diameoer Millipore
filter.

The Frticulate relerse can be decEased significanlly
by coating the carbon; some coatings are obviously much
more egecfve than others in reducing the paniculaoe
release Ll ll. Althougl' 'tudies are avaiiable comparing a
wide range of carbons and preparation trcatments tor
particle release L 12|, no such study is available for car
bons coated with the various available and rcadily pre
pared coatinss [1l]-and such a study is needed before
extensive commercial development leads us to one coat-
ilg type.

Potymeric adsoftents, originaly believed to be consid
erably cleaner than activated carbon henopertusion I 14] ,
also suffer ftom micmparticle problens [6].

Do such panicles have histopathological significance?
The studies by Hasstam, Lanson and Thyse [ts], n
which considemble quantities of carbon particles weft
infused into mbbirs by activated carbon (uncoaied)
hemoperfusion, showed relatively little .issue rcaction.
Activated carbon particles deposited in tissues show little
evidence of tissue reaction.

In order to semiquantitate the sensitivity ofhistological
m€thixls for d€tecting carbon particulate matter, we con-
ducted a preliminary double-blind srudy itrj€cting control-
led quantities of carbon paniculates into rhe tail veins of
Swiss Webster mice.

We dssumed a 70 kg patient would rreive up to 700 r.g
ofcdbon particles per p€rfusion, or up to 0.01 ng,&g. We
then injec.ed r!-sized carbon panicle,! into the tail veins of
Swiss Webster mice at doses of 0.01, 0.1, 2 and 10
ng/kg, i.e., up io dree orders of nagnitude greater than
we qoul,l €xltecl in a clinjcal hemopertusion using our
systfms. No acute effects were noted in any of the mice.
The $imals were sacrificed at I , 7 and 24 1r, and lung,
liver, spleen and kidney were examined histologically.
The samples were coded so the person doing the histolog-
ical evaluation did not know the padculate dose or suru-

val time ofthe lissues examined. The results are given in
Table 1. It is clear that panicles aft rcadily seen only with
the 1 0 mg/kg dose. Thus, pafiicle loadhgs on the oder of
over 200 times higher than that produced by a single
perfusion are requir€d before such particles can be rcadily
deiected hisiopatlologically. It is evident thai nonhis-
tological methods are rcquired to detect particulate re'
lease. Such nethods are rcadily available [8, 12].
Another tentative conclusion, if these prelirninary data
can be extrapolated to theclinical situation, js that several
years of daily sorbent henoperfusion would be required
before particles could be rdddtb detected on histological

Panicle loading can perhaps be de.r€ased by a factor of
10to 100 or more times what we have cunently achieved
by selective coating treairnents [2, S] or by column de-
sign and packins L8 | .

Roller pump tubing pmticles

Panicle release fron activated ca$on hemop€rtusion
circuits may be a relaiively minor pad, by weight, of the

Tlble 1. The histological evalu.tion of ariaarcd crbon
par r i . lp :  in  e ! l ld  r ro  r ] re  re l  re r  o r  s \q . .  \ reb . re r  n ice .

'time.ht Organ I0 2 0.1 0-01

Kidney 0

0

0

0
0
0

0
0
0
0

0
0
0

0

;
0

0
0
0
0

24

0
0

0
0

0

0

acarbon p&ticles were snaller &m those cen i! tnc 1nlg.
Tissue @tions ver€ graded on a 0 10 + 4 $ale as folows: 0.
no celon pdnclq per high powor neld Opf,400 x) in 10
fields oI view (li-V-); 1. 1 or 2 ldticles seen in 1 or 2 of tle
10 F.V,: +, 1 or 2 panicbs in 5 of the l0 F,V.; *, I o. 2
pdicles in 9 or 10 of lne 10 F.V.j ++, 2 or 3 larricles in 9 or
10 or tne 10 F,V.i ++, nor€ ftd 3 luticles 'n 10 of the
10 F.V_
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total particulale loading to which a chrodc henodialysis
patienl is subjected. This statement results from in vilrd
conuol , rudie. of ,o 'bf .1r heroperfu. ion circuir ,  conrain.
ingzo sorbent- In such studies we found mg quantities of
large particulate matter, readily observabie on scanning
electron micmscopy ofMillipore filters. We conducted a
preliminary study of padicles released by polyvinyl
chloride (PVC) anerial hemodialysis tubing sets from

B
FIs, 1.S.d,,t a electon hi gtuph d particles ar Millipor.
ftb(a.22 tt?.res)p ntft?d nurinq an ]n yito nu.,.fpanittz reh^€
ta p.l:Jrittyl rhtui.le huodiabns artundl tubing set . A), The WniLle
dm.Niohs./e appturnndteb 10 \ aO x 2$ p, B), Whi.le kaBth
dinension is abaut 30 p.

tbree main U.S.A. suppliels. The purnp tubing segment
was placed in a Sarns Model 5.500.roller pump adj usted to
the "just occlusive" mode l16l. P.rticle release wa5
mersured by total weighi change ofthe filter and varied by
two orders ofmagnitude (frorn about .01 to over 2 mg),
depending primarily on the tubing set suppl ier. The filten
were exarnined by scanning electron microscopy and the
particles clearly seen (Fig. l)- Enefgy dispersive x-ray
analysis in the scanning electron microscope indicaled
that some of lhe particles were very rich in chlorine,
leading us to susp€ct that they dre polyvinyl chloride.

It, thus, appears from these preliminary studies that
patients placed on exhacor?oreal circuits uiilizing roller
punps wirh PVC pump segments may be receiving PVC

. Simiiar results were obtained by Boretos and Wagner
Ll'7 J h an in itro study of particutate production by
pump tubing segments utilized for cardiopulmonary
bypass.

ff all the particles lre lts laJge as indicaGd in Fig. i,
they might b€ fiiierable by blood line filten or by a fixed
bcd of adsorbent panicles. Hovever, it is probable !ha1
much snalter particles are dso gencrated and infused by
the circuit. Our activated carbon work shows that a major
number of the carbon panicles released are in L\e I to 2 r.
ra.qe (1or Witco 517 uncoated actiyated carbon, see
I 12 ). Such particles could not bc removed by conven-
tional fi ltration meihods.

Disulsion and comlusions

The preliminary work reponed here indicates: /)
polymer particulate nattcr is released fron at le?st some
PVC roller pump nrbing segments when pumped with a
"jusr occlusive" roller punp; 2) palticle release by
well-washed, weli prepared and properly selecled acti,
vated carbon is about 200 to 1000 rimes below the level
required tbr routine histological detection and a factor of I
to 100 (by weight) less than thai generated by PVC pump
tublng segnents; 3) particle release by coated carbon is
considerably lowerthan thai for uncoated carbon, and js
greatly dependent on the rype of coating.

In addition, we know that PVC contains 30 to 509,
plasticizer, cornmonly dioctytphthalate lts]. rhe aio
ctylphlhalatc is readily leached and released into the or
ganism, and there is growingevidence that dioctylphtha-
late is relatively toxic lle]. nrus, one can suspe"t tt'at
P VC paficles released into an organism wi tunctionasa
local "drug" release system, releasing dioctylphthalate
io the organisn. It is thus possible that PVC particles may
have physical dnd chemical effecis on ihe organ;s m. lf we
insislonconposing alisto{potential urenic toxiDs. PVC
oafl ic le '  and dn' tr) lphrhJlare should ar lea\r  be Jon' i .
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Ir is imp€rative that particle release by extracorporeal
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ABSTRACl
A technique based on ihe measulement oI sireamine poteniials has been

developed to evaluate the etecirokinetic region of the cell periphery. This
approach is feasible for cell unes propagated in ifl lJttto celt culturc in mono-
layer form. The advaniage oI thjs sysiem is that ce1ls may be evaruated in
the tiviAc stare artacned Lo a substfate. Tnu" - is noi ne(essar, Lo subjecr
lhe cel ls  to  enzmaL. .  Laemcai ,  or  mechanics i  l rauma reqdired 10 obfa in
monodisperse suspersrotu .hi.h are lhen nolmally evaluated by microelec-
bophoresis. ln rhjs manner it sbould be poss'b e to s'udy the inFLence of
substrate ed ervironmental Iacto$ on the charge density ard potential at
the cell periphery. The apparatus and procedure are described as weu as
some resdrs concening the electrokinetic (f) poteniial ol borosilicate capil-
lades as a function of ionic streneth, pH, and temperaturc. The efiect that
iurbulence and entrance flov conditions have on accurate stEaming potential
measu€ments is discussed. The r-lotentral of BALB/C 3Tt2 fibrobtasts has
been quantitated as a Iunction of pI{, ionic stlength, Aluiaraldehyde flxaiion,
and Giemsa staining.

The electlokinetic properdes of monodisperse sus-
peBions of blood cells have been compreheNively in-
vestigated. nlecirokinetic studies have been ca ied out
on dytlEoc}'les as a lunciion of pH, ionic strength, and
anion bindins (1), various chemical treatments (2,3),
and pmteolrtic enzyme exposure (4). Similar studies
have been coaducied on lymphocytes (5), leukocyies
(6, ?), and platelets (8). Seaman and Heard (9) have
modified a micrcelectrophoresis apparatus orieinally
designed by BDgham et 01. (10) lor analysis of bioiogi-
cal haterials ia monodispe$e Iorm.

Howev€r, the great majority of ceil t}!es arc noi
frce and monodispersed in their natuml state but,
rather, are intimately associated in tissues. Investiga-
to$ have aitempted io characterize ceils lrom in ,too
sources (11) and cells from in ,tiro tissue curtures (12)
using the micloelectrophoresis technique. This usualy
necessitates a dissoluijon oI the tissue or cell monolaye!
by mechanical, chemical, or enzlmatic means io yield
a monodisper*d suspension. The assumption that such
treatments do not significaDUy aiier the peripheral rc-
sioD of the cells and thus their electrokinetic behavior
is unsound. Ponder (13) and seaman and Heard (14)
have shom that trypsinization signiffcantly reduces the
electrophoretic mobility of human e4ahroc]'tes Sea-
man and Uhlenbruck (4) extended this anatysis to a
number of pmieol]'tic enzymes and erythrocytes de-
ived fiom a vanety of species. In most instances thele
was a significant alteGtion in measured elecimphoretic
mobility. Arso, it is possible that the association of cells
in tissues or monotayers i\ ik Ditro culiule reslrts in
profound alterations in their electrokirefc proPerties
comp6red to those .oirlrorly obsecved 'n susppNion
micloelectrophoresis.

The initial objective of this research was to develop
an apparatus and eiperimelta1 techdque which could
dilectly measure ihe electrokinetic properties of cerrs
grcv,/n in in oitto trssue culture. The approach chosen
w6 besed oF Lhe sbeaming potential phenomena origi-
raly quantiiated by Helmholtz and Smoluchowski
(15) and explained in some detail by Davies and Rideai
(  16) .

The rclationship b€tweer the measured streaming
potential and the potential at the hydrodFraaic shear

K€y wo*lli l-pot€ftlal cell DedPbqy, bo!6fic.i.r eltrece

plane, the zeta ( l) -potential is given as
4rn EsrT f -- 2K. I,  .  P l * " * ; l  [ 1

wherc r and € are viscosity and dielectric constant, re-
spectivety, in ihe difuse doubie layer, Estt is the
streaming lotential measured acrcss ihe streming
capiuary, P is ihe prcssure difference a$oss ihe capil-
ldy responsible fo! the flow of elecholyte, 4 is the
Gdius of the capillary, and K! and Ks are the specific
bulk and sudace conduciance. The l-pot€ntial can be
calculated from measuremenis of strcmine poteniial
a"d d, iv ,nC prFs.r re t t  sur face conduclance ls  ac-
counted for. This is accomplished by uiilizing Eq. [2]

4q Estr C t2l

Here C is a predeiemined system consiant and 4 is
ihe measured a-c rcsistance of ihe capiUary-eietrobte

Norhally Eq. [2] is utilized when ionic strcngth is so
lov that surlace conductance compris€s a sig.ificant
proportion of the iotal conductance. Ai high tonic
sirengths, i.e., physiologicat electrolyte concentmtiols,
surlace conductance is negligible compared to the total
conductance, and Eq. [U sihplines to Xq. [3]

{rnKB Estr
I31

KB can then be deiermined in a stendad conductivitv
cell uti]izing platinized gray platinum electrcdes. Vis-
cosity and dielect c constant in the difuse laye! are
assumed to be equal to burk values; however, this is
probabty incorrect according to Hayden (17).

BaI and Fueistenau (18) have reraewed the stream-
ing potential literature in regard to EstTlP data. They
have concluded that, due to as yet unexplained flow
and asymmetry poientials comon to a vide variety of
electode tlTes, the srope oI the loci of Sstr data at a
number of d ving prcssufes in opposit€ flov dileciioN
(^Estrl^P) should be utilized in Eq. t11, I2l, and t3l.
This has been the case in this reedch where the loci
oI streaming potential data as a tunction oI ddving
pressure in both flow directions have been fitted to a
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tinear regression besi ffi straisht line using a Hewietl
Packad (Mode1 9820A) proglammable calcurabr.

Apporotus
The stteaming potential apparatus is illustraied in

Iig. 1. It is composed enttely ot boroslicate (Coming
??40) glass wiih the excepiion of two sections of Sitastic
(Dow Cornihg polydimethyl siloxane medical grade)
tubing (F) used to connect the streaming capillaiy
(E) to the electrode chambers (C). The electrodes are
oI the silver, silver chloride twe and are prepared by
the anodic electrolytic deposition of an AgCl coating on
a silver wirc (A- D. Mackay, New York)- The wirep'Fclrodes_are:r the focr oI a spiral and arc epoxied
:nLo ?/15 $ s-ass :o 'n s  whi ,h mare $ i1 |  rhe e lp. l rooe
chambe$. Tvo 200 nl reseNoirs (A) seNe as con-
i.aine$ for ihe si.eaming fluid and are connecied to the
e-ecl rodp chambpr rC'  and . r  N:  pres5u,e souree v ia
seciion B. Section D is a dip tube extending to the bot-
tom of each rese.voir, Sectiotu A, B, C, and D are con-
r- . fad tosp 'Le qa 7 ' l5  .nd 19 22 g e lass jo :nLs and
.e"e nadF smal l  enoucl -  Lo be r f  g low d .chuseo pr ior
to each sireamine experiment.

The rcseNoirs are posilioned in a constant tehpera-
ture bath and stiring can be accomplished with a mag-
neiic stiiler. The systeh rrH (Cornins Model 12 pH
meter and glass electrcde combinaiion) ed tempera-
ture (0-100'C, accurale io 0.1"C) can be honjto.ed
continuously. Purified N, gas (99.999r, pure) serves as
a pressLlre source uiilized to ddve the streamine fluid
throush the capillary. The {our-way ball valve (V)
(Whit€y Model B-43fT2) sihultaneously exposes one
teservoir to N, tuivins pressure and the other ro amo-
spheric pressure- A 90" rotation of the valve applies
pressu.e to the opposite reservoir and reverses the elec-
lrotyte flow. Pressure is adjusted viih a two-stage
oryger resulator (Matheson Gas Products Modet 3104)
with an adapl.or for Nr and a Tycos pressure gauge (T)
(0-300 ma Hg, accurate to 1 mm Hg). The componenrs
of the pressure drive system are connected to the
st.eahDg apparatus via S asiic tubing. The strcming
potential is measured with a high input imledance
digital eiecirometer (Keilhley Model 616), and the re-
sistance or conductance of ihe st.eaains fluid is mea-
sured vith an a-c bddee at a frequency of I kHz (cen-
eral Radio Model 16509). The strcaming aplararus rs
elect.icauy isolated from eltmneous electrical sisnals
by a Faraqd!  cage ,coppe,  screen 50 mesn/ in. )  ( fC) .

procedufe
Streafting potential data were obtained by measuring

streahine potentials at a d.iving pressure of 2 ch Hg.
then reversihg ihe flow direction and releating the
measurehent. The driving pressure was inoeased by
2 cn He and streamins potentials were aeain measureo

in both now dircctions. This process was repeated until
ihe ddving pressure leached 12-14 cm He. The slope,
atstrlaP, of the best fit straight iine was utiliud in
Xq. t3l. Sorution specific conductance was deter-
mined in a precalibrated cell with platinized platinum
electrodes. The all colsiani, C, of the streMing capil-
lary and the conductivity ce1l were predetermiDed us-
ing a 0.1N KC1 solution ot knorn speciffc conductance
(19). I'oilowing st.eamilg measurements, the r€sist-
ance of the capillary electrode system wa measuled
with the a-c bddge. In most i.stances vhse ionic
strength 1\ias hjgh, solution conductance masked sur-
Idce .onducLance and Ku was determined in a con-
venlional conductivity celi. Equation t3] vas then
utilized- This was the case for all data reported here.

Radio frequehcy glow discharge (RFGD) of the
streaming cell components was carried out to eliminate
p,oblpms t r i1L "L, Ia.p can,an- .dt ior  whch oc '  as ioa-
ally developed. REGD (Commercial Plasmod System,
Tecd Co_Dora :or  Richr .oad,  Cal  forn ia '  i -  a fgon
gas at 100 rm Hg and ar !f power deEity of 50W for
5 min was highly efiective in removing surface con-

All chemi.ais uiilized vere ahal'.lical rcageni gmde
(lisher Scientific Company, Fairlawn, New Jersey).
Water used in this siudy was twice distiUed over P}tex
Class (Corning Still Model AG-11) and had a conduc-
livity of I a 0.1 amho/cm. Phosphate buff€red seline
(PBS) was made up as 0.145M NaCl, 2 X l0-4M
KHjPOa, and 8 X 10 4M NaeHPOa using twice dis-
tilled water. Glutaraldehyde {as employed as a ff:.a-
tive in a 2% (v/v) soiution in PBS (obtained in puri-
lied form as an 8.za (v/v) unbufiered aqueous solution
sealed und€r pure N: from Polysciences, Incorporated,
warrinslon, Massachusetts). Giemsa biological stain
(Fisher Scientinc Company, IairlaM, New Je^ey) was
utilized af l0% (v//v) in twice distiled water. Nigrcsin
(Eastman Orsanic Chemicals, Rochester, New York)
dye exclusion vas used as a test of memblane viability
ai a concentration oI r% (vih) in PBS. Dulbecos
modified Easle Mediuh (GFnd Isrand Bioloeical Labs)
supplehented with peniciUin (100 units/ml). sirepto-
mycin (100 mgl81), and 20 mM HIPXS (N-2-hy-
droxyethyl pipemzine-N-2-eihane sulfonic acid, ICN
Pharhaceulicals, Creveland, Ohio) buffer \{as utilized
as ihe cell culture medium and witl be refened to as
DMM.Ietal bovine serum ({bs) vas added as specified.

An established line of BAI-B/C 3T12 house ffbro-
blasl.s (nohconiact-inhibiied. lumorigenic cells) were
cuttured to confluency in borosiiicate capjllaries 600 =
20 am lD. The cells were harvested from milk ditution
bottles by trypsinization [6 ml of 0.25% (v/v) trypsin],
Fsuspended in DMM supplemented with 10% (v/v)
fbs, and centriluged at 2009 lor 5 min. The ceus were
then resuspended in DMM, counied in a hemocrtom-
eter, washed in DMM twice, and resuslended at a seed-
ing concehtraiion of 1 x 106 ceu/ml in DMM. The cells
rvere seeded by dadng ihe cell susperoion into ihe
capiliary usjng a 1 ch3 sying€. Both ends ol the capil-
lary were capped with Silasiic tubing and clmps; the
capiuary was placed in an incubator at 37.C,90%
humidity, and 95% air/5% CO, Ior 20-30 min. This was
su{ncient tlme io altow the ceus io contact and fom
an adhesive bond with the Slass surface- Fresh DMM
supplemenied with 10% (v/v) fbs was then drawn into
the capillary. Alter approxihately 5-10 hr the capiUary
was removed froh the incubator and rcseeded in an-
oNher position on the internal circumference inthe sme
manner. Four io frve cell seedings over a 24-36 hr
pedod were suincient to cei a unifom distribution of
cerb on the inielior of the capiUary. Glass sydnges oJ
30 nl capacity were atiached to each end ol the capil-
1ary via Silastic nbber tubing. Supplemenied medium
(DMM, 10% {bs) was continuously perfused ihrough
the capillary at a flow rate of 0.5 ml,/hr usihg a Sage
syringe pump (Sage INtruments Model 341). This was
sufficient to keep the cells metaboucally and mitoiically

i
I
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Fig. l. A s.h.nori. didqrom ol rhe srrednins poientiqlopporqrus
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Toble l. ConeGirion ot oqueous et.chotyr€ uritized in

etectrorineric ootudrioD ot tiyiDq ceth
B js .12t0 ,n tD and 30 m long.  rn 1ne c€.e  or  lLbe ArnpLda'arr  t r ree and t te  s iope rAEsr.  ds.  Apr  's  equaln oorh now d 'ect ions.  Measued fow ra lps and sub_sFquplr r i  .arcr t€1Fd Reynotds nuhbers :nd. .a led tami-aaf  iow,rr ro lChout  the mea.ured pressrre ranse tor'uop.A.  rn rhp.6"e ot  l t ie  larger  !ube (  8, ,  rhe d; ta at

inpa-  a.d lhp stopes are equalr r  oo,h -10w d 'Fct ions:  nor  ever .  ar  a pr  es;L-e or  11 Lmnts nenow be.omps lurbulenr  rR > 2000) sd l ledala
.1 h iche.  d, iv i1e pressurFs.  TbissFFrs ro 1d €rp a rar ted dFyia, :on in  t le  rEsrr / lpCla la ob 'a jned j  Jne f row cnanges Iom laminar  ror ! rou 'enr .  I  rE,b at  odds wir t  dala pub' ished b i  o lhprsnow in aquAoi .  sysrens.  Ore caneiro sF d d qe ene i^  aEst t / :p  ror  tubes A ard Bw n ) r r  w o L r t d  s e - m  1 0 ; n d i . a t F  t r d r , u r b L J e n r  f o s  Inor  he o. t )  ,au"e ot  dpv,aLjoos in  Lh"  .a l .u lareo aporenler for tubes of various sizes.

, ,Tha rs l l "  o  s l rpahine poient ja l  s tudiFs on bo-o_
' |  F ig.3.  Each rube \as pva uated

l l  l l .  e  : " r " . r  ra ,srL a.d r  , -n su. ,  es. :vF porr :ons wpre,Frovpd €nd i r  was rFFvaluated.  Thi . ;as.o iunued
: : ' l l  i " -  l : " "  'Fha'n"d.  rnp on,y var :€bie was .pnsr l

er"  assumed .onsranr  ar  o K" Arp€i ry  pre_c o n r . o l r d  o v e r  K  d t ' n . h g t  , o . : "  s . i , " g , l ,  , O O r  so _ . , /  '  ( - a p i t  a . i e s  B  , 1 2 8 4  _  J 4 . m  i D ,  ; . d  C  s 9 5, i  . "^  -  .  uerp ,  omnar.  . t  borosj l .cerp;  rhF.e v as
--" - . ;q l .  . . ' .  va ' rd ion n tD arong ,np rcns! i .  Bo11. b ! r  r a r F s  4 h r b r r p d  .  - o - d r n ,  d g s , r / \ p  v a t ; e  u , l i l  a! " n f u , l F n g l \  w a ,  r F z , F F d  $ h p , p u p o n  t L _ r F  w a s  a, r r k " d  d r o D  : .  r f . r r l \ p .  T r F  c . i r i . ; ,  t e r B  h  , L . r  a l!  , . r rh -  o  ru r  pd  {as  D8 .y  ro r ,ubF B a i i :o  

"o ,  ro "ruoe L .  (eD, l  a . !  A  u .d"  .and drakn l rom a  la rger
"  

g -J .a . r  var :a i ion .  in  ID  a tong- i l sr .  g I  | - o r n r s . t  . , d  2  s l o $ n . o  F j e . 3  v e , e  o b l e i - e dv^rp- , lha  cdp |a rJ  w"s  190 ,  12  Lm tD.  $ \ . te  equ i_vd 'c - r  rpng ihs . t .ke .  . tom tne  cer ie .  o -  rhe  ,ube gave
fJ: i . . : r  1, .  . 'p vajue. €nd had a- rD or 160 = s / .h.'o  ind .are  rha l  a r  lenArhs  ress  inanome \d  car  te . rg , l  rhe  d ia re ip r  and Frc in  o I  t fps - ream 'g  ' sD i l la ry  ha ' \pd .y  a lTpLr
$rpar ' r  g  borpr , ia j .  wh i te  a r  Ip rerhs  c rearer  rhan t .
1;:o;"'"T:Xl*. n diamerer and rensrh Lave no nea_

The ons"r  o i  l j rbutent  toq does nor  seem 10 causecow uas ta l r 'na.  : r  a , l  ca. .Fs rcruo-  .q and.c.ard lhp"e sFpmed lo be no , iCni f i^anr. rpd d re to rLrrburFnt  qow lor  rubp B.  I f  one rompares
I  e npesu'pd-now rares.  en.  in  ,he lnree rubes wiLh
l . i : - : : : : lekar  noq rur"s.  Q, .  car lLra,ed us ins poise_

expressed jn Eo. t4l

i:& ''r$
i,_;MPsaor 'T r ro  X8Y
i ; ;; :x#;

d.,rvF. 6nd arfier 2r-36 h! ihe celts had pro[feraleat lomonor!yer densrty.
. 

The c.Dil.l.ry w-as Faoved .,om rie pp-ius.on ap_p&atus  and f j sd  in  r  n l  o I  cp l t  s r rea ; :ne  so tur ion
J  nr /mn.  t t  wa.  thpr  inspr reo  in lo  Lhes- r :am lg ,o ta ra lu \  and evatua ,ed  u , ,n i r  t0_15 min .ro  ro \ '19  rh rs  thp  c "us  i r  lhe  (ap i  e .y  $erp  tued tna  z - " ;  rv l \ - )  C tu ta ra tdehyoe pBS so tu . :on  lo r  30  min
t ixa ' ion  lhe  e lec l rok :ne l i .  p ropef i :es  o f_hF.aus  u  e .F  e \a lua led  as  a  run . r ,on  o t  pH a id  io " rc

r -e  e tec l rok inpr  c  pv . luar ions  $e1e.mDretFd.  e  ,  F  s  were  s ia inpd in  a  .10 :  C ie rsasorunoh rh  dBt r led  water .  rce \a ,ua ted  e .ec t rok in" l_, .a r ' j ,  a rd  pho lographed in  bor !  l r€nsm. ted  t :gh ,  ano
11:  : lT " "  c  e rpdro t  mic ros .ope.  thp  ce ,s  on  c ras ,. !D . l ra ra  $ . re  po" l  f xeq  in  I% osmium rpr ro \ :oe  pBS
so u lb" ,a [  3 rC lo r  ]5  mjn .  dpr ]d ra tFd n  a  e radeoer tss  o r  e  ano l  t r€te r .o tu , io r .  c r : l i ,a t  po i r id . :ed
rn  r ,qu  d  cO.  mok led .  coa ted  k i rh  -a -bon anc l  go td ,znd obseNAd j r  a  Carb . :oee . le reosrqn  "cd tu  nC e  ec-

-  f : l  : :*" '1". . :1,qf"  ""  sr-ss and '  eI  yono,ayp.s asa run. i .on-oi_oH. DH we. adjuslpd w:rh so.ur,ors o{N:uh or  KoH and J iCI  \av ing  rhe  sayp io - iu  s , fene.nas  thp  - t rpay ing  so tu .  on .  In  a j -  s rud ie .  v le re  pL t  washa jn 'a rq ,ons tehL.  p tosp l - . le  bL f f .e r  i i  x  ,u . "_u(H HUi ,  a  tO 5M Na HpOa,  w6s added lo  l ter . rp r r i  g  F te .+o ly fe  TFe lp rpers l r re  was na in la inedconstant at 24.c in a[ studies.

Resutts ond Discussion
Prpr im:ra.y ;nrest ieal ro. ls  conLerning hc F-ect  oI.€p- ' rerJ,  gForetry  or  nFasured st reaning potehi ia l

c r p c . e a . e  i . , E s r . , \ p . s  L t  e  t p r 6 l h  o ir -F .apr , rarJ de.reaspd.  Th s was ar  odds w, th r \ ;  con_
: l ! : : : i  11t :  : . r  i "  l l  " .dp,  

iq l  ior  or  I  I  e  nrear .ne po_r{r  a .  qualor  n tha,  .apr ' t . ry  Ceon eL.y Jhoutd roJarecL Lhc s l reah:ng botenl ra l .  An a ratys i "  ot  fow 1ur_oure.ce ard ent-  e.e efe!  ts  on s l ream. lg potenr :at  vasderefn ine the cause of  t \e  d j " ( r ,  uancy.
_ l rcu,ce.2 is^:n Esir a. p prot ror rwo sheamins Luoes.Iube A is 600 nm tD md 30 cm in tengLn, wnite rroe

pdriviiq {6Hd

_,Fis..2, Esrr rt. Pdriyins or rE !.rosili.dre .dDiloriej aIne  r rednrng erur ion ,o !  0 .01M (Ct  buhered;  o  pH or

8 !  d X

Lu--)
I

CAptLLARy LENGTH (cm)
, 

jis..3. 
-AEsrr/AP vr, irreohins tube tensrh tor rhr€€ borosjti.ororuD* A, 3_ _Md C. The *reorins sotution ds O.O|M KCt bclf€redro c pn or /. rror ronges coilespo,d r. oDe srdndord dcriorion.
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where r is the tube mdius, r is the ffuid viscositr and
dP is the p.essure drop across a flow length dX it is
fomd that Qi and @- are equai until the cdtical length,
I-c, is reached, t.?.. 20 cm lor tube C od 58 cm Ior tube
B. It can be concluded ftom ihis ihat ihe streaming data
and calculated (-potential are independent of capiltary
geometry (the v€riaiions in plateau values of AEstilAP
are expected since the tubes were from difierent
sources and most probably had ditrerent sudace his-
tories) as rong as Poiseuille flow exists. This is what
Iiermholtz predicted as Bocquet has pointed oui (20).
Poiseuille flow actualiy requires that fou! basic condi-
tions exisi, t.€., the flolr is steady, incompfessible, lami-
nar, and established.

Many invesiigatols have sihply ignored the estab-
iished flow c ieria. It takes a certain length, Le, past
the entrance of a cyiindrical flow system, io esiabUsh a
paGbolic velocity profile dudng steady laminar flov oI
an incompressible fluid. The varue of L. has been found
both expedmentaly (21) and theoreticatiy (22) to be
given by Eq. [5]

Le: 0.068D tsl
Here R is the Reynolds number and D is the diameter.
On the basis of this anatysis, it seems that il t-. is
grcater than 10 i 1% of the total streaming tube
length- the agstr/:lP ratio and subsequenly ca]culated
l-potential will be anomalously low.

Electrode asymmetry at high ionic strength can de-
velop, paiticularly it the electrodes have aged appreci-
ably ove! the couBe ol several months' use, and if they
have been exposed to plotein or other adsorbable
sotutes. This is illust.ated in FiC. 4. Curves 88 thro'rgh
12B were obtained utilizine si]ve., silver chloride elec-
trcdes whjch had previously beh exposed io a stream-
ing capiUary with a su$ace of adsorbed fetal bovine
se!m. The asymmetry developed ai that tine. It was
abseni in earlier experiments ai high ionic sirengih
(0.1 g ionsA) wheie protein was not preselr Lnol
shown). The asymmetly diminished vilh continuous
streahing of electrolye in approrimatety 30 min (8B-
108). As long as streaming continued, the slope Itsfl
aP (10B-128) remained constmt.

U fow ccascd for  a1y lpngrh oI  L inc.  asymhelry re-
appeard and it required another 30-40 min of stEam-
ing to obtain good tineerity and ieproducibility. At
lower ionic strength (0.01 g ions/L) the asymmetry
1'as not evident (lB and 48, Fig.4). When frcsh elec-
trodes were prepared and protein contahinatior was
absent, there was no deviailon from lineadty at low
ionic sirengih (0.01 g ions/L) or hieh iohic strength
(0-1 g ions/L) as shom in Fig. 5.

The asymmetry exhibited by aged s ver, silver
chloride electrodes at high ionic stre.gth mqy be due

tig, 5. flt. ys, PdriyinE lor o borosilicote ropilldry. Th; 3rreon,
ing solution *6 0.lM KCl, l3C *os inmediot€ly dfter chloridirotion
vhile 9C vos dft€. equilibro.ion ond ,ho*,circuiting in str€.nins

to protejn adsorption in the pores oI the AgCl coatine.
Janz and Ives (23) maintain thai silver may form
stable complexes viih amino and suUhydryl groups ol
organic molecules vhich can compete with the insolu-
bility ol ihe AsCl thus neeaiing the propei tunctioning
of the electrodes. It has aiso been suggested (23) that
10-25% of the silver should be clloridized to AgCl to
produce elecirodes having good reproducibility and
stabitity. The electrodes exhibiiing asymmetry prob-
lems had only 1% convenion (assuminC 100% current
emciency) of Ac to AsCl. Srinivdan (24) has reom-
mended that silver, silver chlodde electrodes be pre-
par€d in a sloaly altehaiins a-c lashion utilizlng
anodic deposition of AsCl and cathodic current to i.-
clease sur{ace area by erfianced pore formaiion. The
above recommendaiions vere fonowed. Sitver, silver
chloride electiodes were prepared electrolr'ticaly vith
a stovly alternating current (5 min anodic, 2 min
cathodic, elc.); the gross surface area per etectrode was
I cmz and the let anodic curent deBity iime product
w"s 6.0 A-s"c . r : .  l  -ere $as a lheo-e,  ca l  con\ers:on
of s ver to silver chlodde of 16%. nlehodes fresbly
prepared in ihis fashion are stable and have !eve!
shown prolonged asymmefry at hish ionic strength
even upon proiein adsorption.

Figure 6 compdses 4 SEM hicrosiaphs of silver,
silver chloride electrode sufaces- The genemr shape of
the electrodes used in this study are shovn in Fig. 6a.
They consist of silver wire coils 6 mm long and 3.8 lrm
OD. The gross surface area is 1 cm2. r'icure 6b iuu-
sirates the AgCl surface ol a fteshly prepaEd electrode
(anodic 5 mA/cr!: for 4 min, 1% conve$ion of Ag to
AeCl). A number of pores can be seen as vell as some
microgranularity on a cobblestone sudace. Figule 6c is
the same electrode afie. appro4mately 3 months use.
This was the same eleciiode which developed asym-
metry at high ionic strength and protein exposure. The
cobblestone appeamnce is still partially evidentj how-
ever, much of the pore structure and all of the micrc-
texture are lost. The pores betveen the cobblestones
are now rcplac€d by smsller pores in an incomplete
cobblesione stNciure. Figue 6d is the surface ot a
Ireshly prepded electrode enrploying the alternating
anodic and cathoalic deposition of AgCl prcviously de-
scribed. The highly polous stNcture obviousry jn-
creases the suface area available tor cunent transpot.
El€ctrodes prepared in this manner have not exhibited
asymmetry at high ionic streDgth and expos'rre to
prctein solutions as long as ihey are equilibnted sev-
eral hous prior to use.

The calculated (-potertial ot borosilicate Class as a
Iunction of temperaiure is shown in Fig- ?. The stand-
ad deviations at both ionic strengths are rather ldge,
particularly for 0.1M NaCL This is due primarfly to the
vadaiion in Agst'r/aP slopes obtained at vadous tem-
peratures and not so much to the inability to get ac-
cu.aie slopes at constant equilib.im temperatures. Due
to the wide standard deviatioirs it can oDly be con-

E

Pdrivin€ (cmHg)
Fig.4. tlfr yr. Pdiviig foi o bor4ili.o.e.orillnrx Tne $redn

i.g soluiion vos o,lM KCI ({nbutt€r€d) fot curyes 88JZB lnd
0-0lM KCI (lrburreted) ro. rurv€t lB ond 40.
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Fig. 5. SIM nicEsophs of 3iher, silyer chloride El.tirode 3u d.e'

cluded that therc is no statistiGly significant variation
in t as a function of temperature.

The variation in !-potential with pH for borosilicate
gtass is sho@ in Fig. 8. The data inahcates that boro-
silicate has a pKa of - 5.? sssming that a]] the suiJace
charge is due to the ionizaiion of ionogenic = Si-OH
(silanol) groups in the hydmted legion of the glass.
This is at variance viih the daia of Hair and Hertl (25)
and Mrshail ef al. (26) which suggests a pKa for suF
face siluol groups o1?.1-7.2. Hov,/ev€., it is quite prob-

able that high concenhations of hydronium ions €xist
in the hydrated suface region of the glass due to
cation exchange. It this were the case, ihe l-potential
ai acidic pI{ could be considenbly less than that oc-
cu{ing as a rcsult of charge generation purely by iono-
genic silanol groups. The Esult would be aa appdet
shifi ir pKa. A second cause of the disdepancy may
be due io the presence oI boranol groups (= B-OH) in
significant numbers ai the hydrated suface ol boro-
silicate glass. The prupoftion of boron to silicon in the
porcls suface may be as high as 1:3 rether thag 1: U

E

t r _ -

f ,- l tl

TEMPERAIURE fC)
fis.7. C.l.uldt d i,Dltentiol of borositi.are slGs .r o fundion of

t€nperotlr€.str.oming solution *ds 0.0tM KCt (.) did O.tM NoCl(O); both solutiom rea bullered ro . pH of 7.0. Errcr r.nger
.oreiDond t on€ srdnd.rd d.viotior

PH
Fis. E. Cdl.ul.ted I porentiol oI bofosili.ote glGr os . funciion

of pH. Sheohing solurion is 0.01 (Ct. Tl'e pH y.i olr.ted virh
KOH ond HCI @lutioi. of th. $n€ ionic rrr.ngth

4.5rn
C I

Ir{flti
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.s expeLted jn  lhe bulk (27r .  The pKa of  bor$ol
groups js 5.1 and lhis would also rpnd io shift ihe re-
sultani surface pKa to a more acidic region.

I'igue 9 ilustrates the increase in f-potential with
de.reasine ,oni .  s i ,ensth rKCtr  at  coNrarr  pH (7.1)  t
dd lemper€ru le r24.C, .  T le l inear  por t jon of  rhe .9_."
curve cor.psponds to tle expansion of the electricsl J -
alouble layet as ionic strensih decreases. -A1 an ionic S
si renglh of  tess ihan 3 l0- '  g  ioB/L t l -ere is  a
dpviation rror l:neariy due lo lhe onse! of sudace F
co4dJclance whi.h v€s nol accounred for :n rbe cal- tr -,"
cularion of r. This is in agrement wiih rhe deiailed d 

-

anal''sis of surface conductance made by Rutgers and J
Desmei (28) and Li ald DeBruyn (29).

Streahing poteniial stutlies on living 3T12 cells were
carded oui usilg ceil streaming solution as describ€d
in Table I. It was necessary to incorporate divalent
cations and glucose in the electrolyte to mairtain good
cell substrate adhesion dudng streaming since the Ngh
flow rates (typically 10 chs/min) are sufficieDt io shea!
off tells rith ,ltered adhesive properties. nven in the
solution used, the cells begin to lose adhesiveness after
approximately 20 min. For this reason strcaming evalu-
ations on living cells were limited to 10-12 min. Nigro-
sin stainine (30) of 3T12 ceUs indicated thet their
membmnes retained semipel:rreability lor more than 60
hin in streaming soluiion, even thoueh most cells had
retracted off the slrface in monolayer sheets. AppaF
ently, th€ cells sacrifice cell-subsirate bonds rather than
ce]l-ce1l bonds and retain mehbrane function and via-
bility even alter 60 min of exposure to streafring solu-
tion at room temperature. The i-poteniial of living cells
vas 28.8 i 2-5 mV (streaming solution Table f. ionic
strcngih 0.145, pH 7.3, iemperature 24.C). I'ouowing
2% elutaraldehyde fixation, the (-poteniial dropled to

1?.6 I 2.6 mV under the same conditions. The de-
crease in electrokinetic Fotential following glutaralde-
hyde ffxation may be due to a loss of ftee draining vol-
ume in the cell pe.iphe.y, rhat is, the region oI hydm-
dynamic slip containine a portion of the pedpherat
charge is eliminated due to glutaraldehyde cross-tiDt-
ing of membrane protein, thus preventing the detection
of this charge by electrokinetic techniques. I'ottowing
fixation the ceus vere evaluated as a function of ionic
strcngtl and pE.

The efle.t of pH on nxcd 3TI2 cplls is shown in .Fig.
10.Ionic strensth was constant at 0.0r s ios/L (NaCl).
In a qualitaiive sense the data is simllar to ihat of Vas-
sar et al. (3) Jor ffxed human eiythocytes. In the
plateau region trom pE ? to 10 thele is no vaiation in
l-potenfiarj however, ihere is a precipitous and quite
linear decrease in f-potential b€low pH 6 indicatine the
piesence of an ionogenic moiecdar type(s) wi'b an
acidic pKa oI 4.5 or less. There is no indication of an

pH
FiE. 10. Cdlculoted I-Dotenri!l of 3Tl2 cells .ultured i. boro-

silic!re .dpilldries follo{ins firotior in gluraroldehyde, Th.
lrreoning 3olution t$ 0.01M NdCl- Th€ pH v6 oltered *ith N.OH
ond 8Cl sohiiotu ot equol ionic skensrh.

ionogenic species of pKa - 6.5 due to glutaraldehyde
flxation as rcpo ed by Vassar et dl. (3). This disclep-
ancy is tufiher accentuated when it is realized that
Cluiaraldehyde fixation caused a 38% decrease in the
.-potential of 3Tl2 fibroblasis, while ii resulied in
about a l0% irclease in electrophoretic mobility oJ
humar erytbrocytes. However, when ma}ine compari-
sons of this sort and aiieinpting to s@ rerationships, it
should be kept in mind that at least tvro vadables could
and probably do ihvalidate any present attempt at
comparison. (i) Different electrol'.te componenkj ionic
strcngths, and bufrers were utilized. (ti) Cell t'"es
evaluated were diff erent.

The r-potential as a tunction of ionic strcngth (NaCl)
rclalionship for 6xed 3T12 cells is shown in Fig. 11. fhe
expansion of the double layer at lowe! ionic strength
results in a higher (-potential. The incrcase is quite
linear, and there is no inrlication of the predominance
of sudace conductance at low ionic strengths (1 X 10 3
g ions/L). This data is similar to that of Heard dd
Seaman (1) fo! u.nxed human erythoc].tes; however,
in the case oI 3T12 cells, the slope ove! the ionic
strength range 0.1-0.01 g ions,al is not as steep as is
the case for the oythrocr-te. HeE again the .Lifierences
beii.een cerl type, fixation, and the presenc€ of sorbital
during mi$oelecl.ophoresis prcvenls direcl compdi-

I'oUowing the evaluation of the 3T12 e]€€trckinetic
surface, i.e., that region of the cell periphery withi!
- 104 o{ the hychodynaiaic shear recio4 several

. , ' -
F

8 . o
z i

F ? r c i
IONIC STRENGTH

fis. L Colculdted (-potenridl .t bordili.ote glGr .s o lhrtion
of io.ic str€hgrh. Tk .k.dmi.s sohrion is KCt brff€red t o pH

IONIC STRENGTH
Fis. r1. cll.uldr.d (-potenri.r ol !fl2 .Glk folloving lirorion

in slutor.ldelyde .s o fun.tion of ionic ik.nsth. Sr'eonins soh-
tion eo3 NoCl b!fier.d to o pH of 7.1
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stleaming erperiments were repeat€d under identical
.ondilions oI ionic si-enelh and pH There $as 1o sig-
niffcant deviation frcm original daia after 5 days stor_
age in PBS. This would seem to subshntiate the as-
sumption that giutaraldebyde fiiation pmduces a siable
cell membran€ in the eletrokinetic sense. The cells
vere starned in Giemsa to enhance miqoscopic evalua-
tion of the unifomiiy of the 3T12 cell layer. Giemsa
staini.g ai 25"C for 8 min rcsulted in a 20% rcduction
in calculated (-potential, t.e., -46.2 ! 1.3 mV to -36.?
:! 0.8 mV (0.01M NaCl, phosphate bufrer, 25" C, pH 7-z).

Comparative scanning eleciroD micrographs of
stained and uNtained 3T12 monolavers indicated that
Giema-stained ce1ls were aliered mo4hologicaly.
NoBtained cells vere well spread and in coniact with
the subst.ate, while starned cells had a more rotDded
appearance a4d had lost some contact with the glass.
The decrcase in f-potential may have been due io ihe
efreci of Giemsa stain on the cell pe phery or the al-
tered mo4hology of the cels. Giemsa is composed ol
Azure II, Xosin, glycedn, and methanol and any of
these may have been the cause of the decrcase in (.

Recently, a technique of evaluating cetls cultured in
capilldy tubes utilizing electloosmosis has been re-
ported by I'ike and Van Oss (31). The advaniage of this
approach is that the ceils may be evaluated lor long
times in the living state; hovever, the disadvantage is
that the ionic sileneth musi be an oder of magnitude
lower than physiological to obtain accurate measure-

In conclusion, a sircaming potential apparatus and
technique have been developed which hake it possible
to evaluate the electrokinetic propedies of cens Srown
in id ritro ce]l culture. The results for borcs icate grass
substmie and STIZ molEe fibmblasts cultured to con-
fluency on this substrate attest to the feasib ity of the
apprcach. The us€lulness of va ous electrokinetic
iechniques applied to investigations of ceU membmnes
has beer esiablished. Micrcelectophoresis, sireaming
potential, and electroosmosis have aU been ut ized on
vadous cell types, but no single technique seebs fea-
sible for a d€tailed study of a wide variety ol ceDs
under all conilitions. Rathei. the three mentioned tech-
niques must be utilized in conjunction to gain a more
cohplete undelstanding of t}Ie simiiadtis and differ-
ences in cell membran€i over a wider range of cell
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viscosiiy in doubl€ layer (poise)
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measured streaming potential (mv)
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capilary (cm I{g)
capi l ldy radius (m)
lpecific bulk conductance imho/cm)
surface conductance (mho)
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Flat Plate Streaming Potential Investigations: Hydrodynamics
and Electrokinetic Equivalency
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The accu€le neaurement of st.emins potenlials in either capillaries or flal plate sysrems
requires Poiseuile now, i.e., ffow must be sleady, incompresible, laninar, and established. The
established 6ow stipularion is ruely addressed yet it is of cntical inponance. Our findings sug
gesi thar while the oDsel of lurSdence causes no abtupt chbge in the streding potential, now
must be dtablistEd tbJoughout at le41 9070 of the now field for accurale streaning
potential oeaurcnent. The developnent of a dar plnte fiow sysren based on (1 x 25 x 75) mn
plates is discused in li8nl of lhe hy&odynmic requircmenls. The electrokinetic eqdvalency
between llates dd capillaries of the same material is discussed dd the sroU discrcpancy is
atfibuted to surface roushness md possible differcnces in sudace cletuical @nposilion.
The flat plate system otTeB subsrmiial advdtases over capilldies in rhat both suface treatnents
and analyses via a vanety of qumtilative tecbniques ue crealty facilihled.

TNTRODUCTTON laries or small particles. However, the
'l he measdement ola streaming potential major advartage is the greatly facilitated

aqoss aporous plug or capillary can provide utilization ofa variety of quantitative sur'
information conceming both the zeti poten face amlysis techrdques to study the same
tial, i1,., andthe net charge density, o{, ar the surface' ie ' streamins potential' ellip-
hydrodynamic shear plare. such electrical sometrv' total internal reflectance fluores-
parameters may be important factors cence' light and electron microscopy' and
goveming the biocompatibility ofprosthetic x:rav photoelectron spectroscopv- (xPS)'
devices exposeal to blood or tissue (1). The Such a plate approach has recendy been
streaming potential and thus f.is valid ard utilized bv DePalma to studv the ad-
i :lependen! offlow geometry only if certain sorption of fibrinogen on germanium srtt-
hydrorlynamic stipulations are met, i.e., states (3)
fluid flow must be steady, incompressible, This paper describes a streaming cell
laminar, and estabtished (2). The last two system designed for the electrokinetic
conditions generally Iimit the applicabiliry analvsis of both capilaries and fiat plate
ofstreaming measurements to long capilary samples Hvdrodvnamic limitations and
tubes or porous plugs of compacted par- results for both capillary and flat plate
ticles or fibers. consequently, the sudace systems are discussed ard som€ com-
under investigation cannotbe easily probeal pamtive analyses of similar glass sub-
by various otler quantitative surface stntes in capillary and plate form are
techniques. Presenteo

Our approach to this impasse has been to
develop;streamingcellconfigurationbased STREAMING'PoTENTIALEQUATIoN:
on flow between two flat, parallel plates.
This simplmes substrate preparation involv- The following derivation of the streaming
ing macroscopic plates rather than capil- potential equation is based on that ot a

002 1,979180/080305- 10$02.00/0
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305



306 VAN WAGENEN AND ANDRADE I
cylindrical conduit (4) (see also Ref. 3). The
flow system consists of two parallel plates
of length Z and widtl C separated by
a distatrce 2, where a > C > 2r, (Fig. 1a).
Poiseuille conditions prevail thrcughout tlte
system, i.e., the flow is steady, incom-
prcssible, Iaminar, and established.

The following equation describes the
panbolic velocity profile between the plates

as derived by Eskinazi (5)
Pv = _(y, b,, tuznL

where P is the driving pressure across the
conduit of length a; bulk electrolyte vis-
cosity is ? and y is the vertical coordinate.
Differentiation gives ttre velocity gradient
close to the wall as

I
I

Frc. l. (a) Coordinate systen schenadcally depicting established laoirar flow between two
p@llel plates of le4th t, width C. ed spreing 2b. (b) Blocl cel d€sien for para[el plate streming
potential mesuredents showine elect.ode ports, now poris, and a Tenon sasket which se*es 6 a

lowot oJ cdba ond r4t1fur sci<4
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I l,tv\ yP bP
\dy l": t  nL "tL

Ordinarily, the effective thickness of the
diffuse ionic atmosphere, K r, is much
thinner than the macroscopic thickness of
the conduit and the velocity, y, at any
distance, r, away from the wal (s : , - ])
is oblained by integrating Eq. t2l over r,

. ,  f "  t , lv \  bpsv = l l - - - l  t r l
t o  \ a y l u : b  \ L

The charge transported by the flowing
electrolyte is the streaming currenr, /",".

r"," = 2c f-" e"vd".
Since C > 2b, the perimeter is approxi-
mated by 2C. The volume charge density
in the mobile lamina close to the wall, p",
is given by t}le Poisson equation

- a-^
v , v  =  r s ;  I 5 l

€ is the diel€ctric constant. Substitution of
Eqs. [5] and [3] into Eq. t4l eives Eq. t6l
assuming that the dielectric constant and
viscosity are invariant with r in the mobile
cnafge regon .

r l ! : - - -

Lzl ing potential, tft. Ar equilibrium the stleam-
mg current is balanced by a back current,
1b, having both bulk and surface con-
ductance components, 1(B and 1<s, re,
sPectiv€ly.

r 2bcKBE,t 2CK\E",. b -  - j - -  
L  

.  P l

Equating Eqs. [8] and [9] and solving for
'rr gives

' / ' , :  - "1 '*  K"++ t lo lr <  t  D l
Surface conductance is generally insignif-

icant except in electrolytes ofexfemely low
ionic sfength, i.e., f < l0 , g ions liter ,
(6,7). Ball and Fuerstenau (8) have re-
viewed much ofthe pertinent streamillg po-
tentia.l literature and conclude that an
"asymmetry,"Ea, or "flow" potential often
causes an unpredictable deviation in the in
tercept oftheEsr versus P data from a zero
value. This may be a functior ofboth elec-
trocle age and prcparation. They recom-
mend tlat the slope, AEsb/AP, of rhe besr
fit line for Esb vsP data be used to calculate
tr. Equation [10] then becomes

4rnK'LE,"
t11 l

t4l

Integration by parts gives,

, PebC ll ./,P l,:, .",-.,:"t .-.' *  -  
,"r . lL '  d,  ] , -u 

tYr;=ir ]  t / l

Two boundary conditions are invoked for
the solution of Eq. [2. When b is much
greater than ,( r the potential, {r, and gradi-
ent, d,!/ds, are zero ̂ t t : 0. Also, the po-
tential at th€ hydrodynamic shear plane near
the wall is termed the zeta-potential, 'rr.
Equation {71 becomes

Equation [11] is found to be idertical ro tlal
d€rived for tubular conduits (4), i.e., |,! is
independent ofgeom€try as long as the hy-
drodynamic assumptions and boundary con-
ditions are fulfilled.

Steady, incompressible, laminar flow is
easy to attain during the streaming of an
aqueou. electrol l te.  fstabl ished f lo\r  is of
equal importance yet rarely addressed in
contemporary literaturc. Fluidflow in a con-
duit requires alengtht" to develop an equi-
librium parabolic flow profile. For laminar
flow between two plares separated by a
distance 2r, tiat development length is
giver (9) as

L. = 0.o26bRe ll2l
where Re is the Reynolds number.
r@ d oJcdbid old rnt"!1oe scier

P.bC
t6l

t8l
Pebctl'.
2nnL

This streaming current generates a stleam,
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EXPERINIENTAL

Figure lb depicts the block cell used to
support sample plates accurately and fepro-
ducibly. The cell consists of upper and
lower Plexiglas halves contai ng sample
plate channeis (76 x 26 ! 12.5) mm which
accommodate standard glass microscope
slides with room for a 254-l,m{hick sheet
of Silicone Rubber gaskel which serves to
secure the plates in the charnels and pre
vent leakage at the plate-cell intedace.
Cell halves (127 x 51 )< 16) mm are sepa
rated by a 100 pn-thick Teflon gasket which
serves two functions: microspacilrg be
tween sample plates to Yield a 220:1
aspect ratio and cell leak prevenlion Six
verticle pressure clamps (Destaco 201) hold
the cell together. Silver, silver chloride
electrodes (2, 10) are inserted into chambers
(32 x 16 x 18) mm on both ends ofthe cel l
v ia 7/15 S slass. joints.  Streamins electro-
lyte flows through tbe cell-plate system
via 10/18I joinrs afixed to the lower cell
half ends.
iqirdol.dra @r tuqhr s4t\
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Fr6. 2. Schematic iuUsirdtion of the dudl sirerming polenlial svsiem capable of analvzrna plate

Figure 2 illustrates the combined stream
ing system used for tbe comparative study
ofcapillaies and sample microscope slides.
The following system components wefe
borosilicate glass: electrolyte reservoir-s
(A). interfacins manjfolds (8, E). djp tubes
(D), elecrrode chambers (C), and 7/15,
19/22. and 14/20 S joints. Electrolyte bulk
conductance, fB. and pH werc monitored
via a prccalibrated platinum electrode con-
duciivity dip cell-ac impedance bridge(Gen-
eral Radio 1650-8) and a glass electrode
(Cornjng 12), respectively. Small thermal
fluctuatiors were noted and corrections in
I  and € were incorporaled into Eq. l l l l
since Jrr{ is invariant in the range 20 37'C if
temperature correction for rl, €, and i(B are
included (2). A systern of valves (Vl, V2)
regulator (V3) ard Teflon stopcocks (TSC)
connected lhe electrolyte driving pressure
source of comprcssed N, (99.9997. pure)
and filter of anhydrous Casoi/granular
carbon (F') to the electrolyte reservoirs.
Electrolyie driving pressur€ could be di_
rected to either reservoir and consequently
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flow could pass through either the capillary
or plat€ system. Driving pressure was
monitored (T) with an accuracy of 0.05 cm
Hg. The system was elect cally isolated
within a grounded Faraday cage (FC).
Srreaming potentials were measured using
a high input impedance elect rometer ( Kejth
ley 616) and shielded coaxial cable.

All borosilicate components were cleaned
in dichromate sulfuric acid. rinsed in
liltered, distilled water and ethanol, and
degreased in a Freon TF ethanol nitro-
methane azeotrope vapor. Streaming elec-
trolyle was 0.01 M KCI buffered to a pH of'7.4 vi :d 2 /  10 4M KH,POr, 8 x 10 rM
Na'HPOa, and doubly distilled corductivity

Streaming potentials, fnr. at steady flow
were measured at a number of driving
pressures, P, in both flow directions. This
cyclic data acqui sition of typically 0. I sec 1
ftequency minimized eiectrode asymmetry
polarization potentials, Ea. at postflow to
several microvolts. It also served to mini
mize differences in elecirolyt€ levels in
both reservoirs. Electrodes exhibiting asym-
metry potentiais exceeding 0.02 mV were
feplaced. Following a series of measure
ments, Er, pH, KR, and temperalure were
recorded. Streaming measurements consti-
tllting a run were rcpeated three times to
confirm electrokinetic stability and re
producibility.

-ENGrFl(crl

FIc. 4. Tbe variation in fa as a tunction of lengtb
for a borosilicate clas Mic.oslide (O) and a Kinble
Standard Flint capillary (it).

Streaming data for both Row directions
were fitted to a least-squares linear rela-
tionship between E$ and P via a Hewlett-
Packdrd 9820A programmable calculator
(see Fie. 5). All data had a coefficient of
determination, r'> 0.99. The maximum
errors in the AEsi/AP ratio and calculated
t/,r were typically a0.05 mV (cm Hg) I and
a 1.0 mV, respectively. The standard devia-
tion as a measurc of the total technique
and sample eror was obtained from meas-
urements on at least three capillaries or
plate systems and was typically !2 mV.

RESUI-TS AND DISCUSSlON

Figure 3 illustmtes electrokinetic results
(10) for three borosilicate glass (Coming
7740) capillaries of internal diameters 160
:! 5 /,m (A), 1284 134 dm (B), and 595
a 15 /rm (C). ln all cases, 6ow rates and
AE"f/AP were determined and a small
section was removed from each capillary
until jt was consumed. The same procedumt
analysis was followed when the lumen of
the ffow conduit wrs a rectangular cross
section (300 x 3000 pm), borosilicate Micro-
slide (Vitro Dynamics), as shown in Fig. 4.
In each case, the AEn./IP ratio attains a
constant value at critical length s, a. , of 18, 52,
20, and 8 cm for A, B, C, and the Micro-
slide. Figure 4 also illustrates resuits for a
soft glass capillary of Kimble Standard
Flint. Again, there is a citical length
defining the end of a constant ti value.
rovrd oJ .abia ona hnthQ st4

CAPLLARY LENGTH hM)

F c, 3. The lanation ir Atn"/AP and ilt a a iirnc
lion of Ienglh for lhree borosilicate elass cqillaries
!l di|ferenl intemal dianele.i A (160 t 5 An),
B (1284 t 34 &n), and C (595 a 15,am).

J
=
2

-
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These results appear to be at odds with
classical electrokinetic theory and research
( I 1 , 12) which showed \r! to be independent
offlow path geometry. Both Helmholtz afld
Smoluchowski werc well aware of the
hydrodynamic stipulations embodied in
Poiseuille flow (12, 13); however, in recent
decades some investigators particularly in
biomedical research have rclied upon
laminar flow as the only essential flow
criterion to be met (14, 15).

The derivation of Eq. [11] assumed the
existence of an equilibrium, parabolic
velocity profile thtoughout lhe flow field,
and ^ Dnilorm dPldL. Such conditions are
impossible to meet completely since equi-
librium flow requires a finite distance, Le,

VAN WAGENEN AND ANDR,ADE

to develop. The classical solution is to
minimize l" with respect to a, i.e., a long
capillary or a microporous plug ofparticles.

Figure 5 illustrates the effect both un-
develop€d and turbulent flow have on
A-E"h/AP. The maximum standard deviation
of i0.02 mV for E"d is sufficielt to con-
firm that A'"JAP is linear up to a critical
driving pressure, P", of 9 cm Hg. At pres-
sures exceeding P" there is a significant
departure from the linear prcjection based
on data below P". On the basis of flow .ates
and calculated Reynolds members,leis less
than 10/. of t below P" even though
turbulent flow does not develop until pres_
sures of 12 cm Hg are attained A similar
flow analysis on the data of Figs. 3 and 4

ia ,

P (cnHg)

Frc. 5. The vdiation in neasured st.eming potential .s a lunction of drivins p'essre in both
no* directions for a borosilicate capiua.v 60 cm long a.d ll00 pm inlernal dideter'

roq"qt o! cdtoid s^t t.knac. scnr

--.{{:1.Ji€jl.i,rs
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PLATE S€EARAT|ON, 2rr (Pm)

Frc. 6. The varialion in 'r{ for a nat plare nicroscope stide systen as a funcrion ot plate separarion,
2r, accomplished with both Teno. (O) and Silaslic (ar sasKe6.

t
-
I

E ' '

indicaled rhat l lo\a qd\ ldmindr In al l  cdse.
a n d  r h a r  r h e  A t . "  A P  r a r i o  o n l )  b e g a n  t o
fail when l," exceeded tO i- 1Va of L.

The on.el  of  lurbulenl t lou \eemed to
cause no abrupt variation in the AE,h/Ap
values of Fig. 5. This is probably due ro the
existence of a laminar sublayer at least 30
pm thick adjacent to the conduit wall. Since
( I is at most 30 A the region responsible
for the electrokinetic phenomena is con-
tained entfely within a laminar flow region
where Poiseuille fiow prevails (16). Con
sequently, the anomalous behaviorsedms to
result from prcssure drops associated with
enfance loss €ffects ir conduits with sub,
stantial flow development l€ngths. Stream-
ing studies conducted on plugs of particles
or libers would also be expected to display
such phenomena ifpacking was insufficient
to reduce le to a minute amount ofa or in
this case plug thickness.

Figure 6 illustrates the effect of enhance
region flow on t! in a different way, i.e.,
parallel plate separation, 2r, is varied using
Teffon and Silastic Rubber gaskets while
flow length remains constant. Here again,
variations in {r{ occur as 2, decreases until
a plateau is reached. Flow \ras laminar and
calculations based on Eq. ll2l agair con
firmed tltat when Z" exceeded 107. of Z
U! began decreasing. The gasket material

did not significantly affect 'rr since it com.
pnsecl only 0.57. of the total sample are;

The e. lablshmenr of a di f fu. ion bound-
d t ,  l a ) e r  a \  d i r c u . . e d  b )  L e ! i c h  ( 1 7 )
may be postulated as one possible explana
tion for the variation of Vr. A solute may
diffuse either toward or away from the in.
rer ior wal l  i l  lhe bulk electrol l le is nol  a.
equi l ibr ium \r j rh lhe .urface. i .e. .  adrorp-
tion of potential determining ions or limited
dissolution ofthe surface. Such a phenomen2
qould create d r ime \ar iat ion in [ . , .  al
c o n \ l a n r  P  u n l i l  r h e  e q u r l r b r i u m  e . t a b l i s h .
ment ol  the di f fusion bouoddn ta)ef oc
curred. Such !ar idl ion. in t , r  $efe ne\er
observeddu ng the course ofthis research.

Cood agreemenl in plaledu,r.  occurrea
for borosi l icare gla.\  condu[.  regardle\.  ol
geomehy as long as Poiseuille fiow pre-
dominated, i.e., hand dmwn capillary A,
commercial capillaries 20 cm long and 600
r.m i.d., and Microslides all had a Vr in rhe
range 93 J 3 mV (see Figs. 3 and 4). A
confirmation ofthe parallel plare design was
attempted by acompa.ative streaming stDdy
utilizing soft glass capillaries of Kimble
Standard Flint 20 cm long and 500 pm i.d.
and sofl glass plate systems based on cold
Seal microscope slides. The *r for capil-
laries and plates differed by a 8 mV, i.e.,
rond af.hriid tnt hndorc na"
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TABLE I

Th€ Approximale Bolk Chenical Conposilion 'n
Percenlase of Kimble Slodard ninr Cap anes'
Cold Seal Micmscope Slides. and Borosilicate Micrc_
$ides and Capilla.ies Utilized in Thn Rese{ch'

" Tr.ce sisnines presence al less than 17,

75.9 a 0.7 mV veftus 68.3 : t  0 3 mV,
respectively. An absolute methanol rinse
under ultIasonic condilions at 24'C caused
no significant change in {,r for either the
capillaries or plate systems. Exposure to
an aqu€ous solution of 20% (v/v) sulfuric
acid for 12 days at 25'C did reduce rr! lbr
bolh capillaries and plates, but to differing
degrees, i.e., a 24% reduction in /( for
capillaries to 57.9 1 0.8 mV and 67. re-
duction to 64.5 I 1 mV for plates. This
suggests thatthe surfaces ofthe two systems

were chemically different since thev re-
sponded differently to acid exposure.

The overall bulk cbemical composiions
of the two sofl glass systems are similar
although not identical (see Table l). lt is
conceivable that subtl€ bulk differences
may be reflected as much larger perturba
tions in composition at the electrokinetic
surface. Energy dispersive analysis of X
rays (EDAX) in conjunction wit}t scanning
electron microscopy (SEM) was utilized to
investigate possible chemical differences in
the flat plate slides as well as the frac-
turc face and interior and exterior capillary
sufaces (see Table ll) There was no evi-
dence of ircn, sulfur, barium, or arsenic
and no significant conpositional djfferenc€
between the capillary lumen ard fracture
rdce u hicl '  Iepre\enled bulk chemical com-
pocir ion. l  hefe sere \ igni f icanl dLf lefence.
i n  q u a n l  r l a l i !  e  E D A \  a n a l y . e '  b e t q  e e n  l h e
capi l laD lumen dnd l lat  pldle .ur{dce\.
Tirdnrum i .  con\ i \ lenI l )  pre.enl n rhe
cap l lar)  lumen bul 3bsenl on lhe \ l ide
surface (see Fig. 7). There also seemed to
be significant djfferences in the aluminum,
.odium colcium, and si l icon compo' i l ion
pefhap\ re-ul t in8 from di l ference'  jn pro-
duction and processjng treatments, e g.
c o o l i n B  r a l e \ .  e n \  i r o n m e n l ' .  $ a t h i n g
polishing, etc.

f D q X  a n a l y . e -  a r e  o n l )  a n  a n p r o \ i m a
riun lo realr . t ic .uddce comno\i l ion

slr$

sio,

K,O
CaO
Mgo

BaO
B.o,
Tio:

l 5

\ 2
1 2' t 2
t 2'1'"

8 1

2

":"

68
t 5
I
5

3

2
2

TABLE I I

Composition (Aronic Percen!) ol Sudacei-Analvzed via EDA_X'

si

MA
K

Ti

'Daia preseniation {alerage 1 r'l based on analvsis of thee dislinct srles'

1o,n(t q!.dba q hk4{c abn



since EDAX X-mys may originate several
micrometers below the real suface and the
technique is insensitive to elements with
atomic numbers less thaII 11. Consequently,
an organic suribce film affecting electro
kinetic rcsults wouldbe undetectable. More
realistic surface compositional information
could be attained via XPS where sampling
depth is less than 50 A (18). Unfor-
lunately, an X-ray beam cannot be focus€d
onto the small capillary lumens of this
study.

Differences in sample roughness arc cur-
rently the largest single unknown in the
interpretation of electrokinetic results (19).
Mosf real sudaces are rough at least on the
level ma festing electrokinetic phenomena,
i.e., several tens of Angstroms. An SEM
analysis of the capillary ard plate sys
tems indicated that differences in surface
roughness did exist (see Fig. 7). The scale
of this roughness is on the order of 0.1 pm
for the capillary lumen while the microscope

i

l l 3

slide suface roughress was below the
resolution of the SEM no doubt due to its
highly polished nature. The charge neutral-
izing chromium coating would be expected
to mask any roughness or the hundred
Angstrom scale and TEM would seem to
offbr the only possibility of analysis at this
level.

coNcLUstoNs
Accumt€ streaming potentials can be

measured on flat plate systems if the
hydrodynamic conditions of steady, incom
pressible, laminar, and established flow are
met. The requirement ofestablished flow is
rarely addressed in the literature but it
seems to be of great impo(ance. OuI
findings suagest that combinations of con-
duit and fluid flow properties producing
signifcant entrance losses and fiow estab-
lishment lengths exceedingabout 107, ofthe
llow field under investigation will result in
anomalously low streaming potentials and
rornd oj.akia ara hcth< t.aa

FLAT PLATE STREAMING POTENTIALS

Oc. 7. Scannide electron micrcgraph (a) md EDAX spectm (c) of cold Seat Microscope sample
plate. Scanning electron micmsraph (b) and EDAX spectm (d) ol Kinble standard ttin! caDiltary.
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thus erroneous zeta-potentials. The phe-
nomena of turbulent flow does not appre_
ciably alter {{ probably due to the pres
ence of a laminar sublayer adjacent to the
wall which contains the electrical double
layer.

Compautive electrokinetic studies con
ducted on soft, soda lime glass in the form
of both plates and capillaries indicated a
107o difference in rJ,!. This discrepancy
could not be attributed to the hydro-
dynamic factors previously mentioned, but
mther is probably a reflection of true
differcnces in the electrokinetic surfaces
under comparison. Suchdiffercnces may re-
flect the effec1 of slightly different bulk
chemical compositions between the capil
laries and plates. The manufacturing and
processing conditions were probably nol
identical for the glass comprising the two
systems and it is likely that any of several
proprietary suface treatments may be re-
sponsible for the observed discrcpancies-
Scanning electron microscopy ard EDAX
anal)\ is bolh \uggr\ l  lhat di t feience\ i r
surface roughne\\  and near \udace chemi
cal compo.i t ion mdy he respon\ ible for rh.
discrepancy in the zeta potentials.
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Streaming Potential Investigatjons: Polymer Thin Films
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Streahins Fotcnlial evaluatjons werc caried our on a wide veiety ofbiopolymcr and syntictic
polymerrhin flms slpponcd on glas microscope slidcs, The nh-fomi.g ard srreamingcvaluation
|ccn.'quesaresumciendyaccuraleloprovidercproducibleresulrsbetwcendiffc...ti.vcsti€arors.
h lms cv l ludr€d lo  dare  in . iude vanou"  r i iane , .  a )bumrns .  asaro \e .  dd  5)nrheuc  po t rmer  bared
on hyd.oxydhyl n€rhacryle (HEMA), r butyt nerhacrylare (,-BMA), and m€thyl;qnerbytare
(MMA). The etrecl ofn.salive and posilive charse in co rporar ion upon rhe streaming poGnriatand
rhus the f polendal was shdied via incorpodlion ofmetbacrylic acid (MAA) and b;lh HCtand
CHrCI sahs of dimerhyhninoelhyt melhacrylate (DM,{EMA) inlo 1lE ncukat Dolvner chains of
HFM4."  BMA.drdMMA\racopotymenza. ron .Thrnr  mro fpob jy rene,po t r l in . lhJ In to \ane
polyvinyl chbnde, and avcorha.. were aiso cvatuakd successtuIv_

INTRODUCTION
A number of surface prop€nies have been

postulated as baving a significant influence
on protein adsorption, cell adhesion, and
prosthetic material biocompatibility, e.g.,
interfacial free energy (l), sudace hydro
philic:hydrophobic ratio (2), warer srrucrure
(3), and surface charge (4). A parallel,piare
streaming potential system has been de-
veloped (5) which allows reproducible
delermination of streaming potentjal, .6$,
and thus { potential, {{, of any material
formableinto a flatpiate configuration. Such
an approach male s it pos sible to characlerize
a wide variety of surfaces by a number of
analytical techniques and to correlate those
results wilh protein adsorption, cell ad-
hesion, and i, ytro biocompatibiliry. We
h€r€ repor! on the electrokineric characreri-
zalion ofneutral and charged synthetic and
biopolymer thin flms supported on glass
snbstrates.

MATERIALS AND METHODS

Supporr substrates for all films w€re
slandard microscope sl ides (25.1 x 76.2

x I mm) having atypical soft glass composi-
tiont 70-74% SiO,, 14-l5Va Na,O,2-6Ec
CaO, 1-4Ea MgO, Al?O3, Fe!O3, and less
than i7,  K,O, SO3, As,O5, B?O3, and TjO,.
Both Gold Seal (Clay Adams No. 3010) and
Bev-l-edge (No. DSO, Propper Mfg. Co.)
glass slides were utilized and unless specified
otherwise were cleaned prior to film deposi-
tion. Cieaning of all glassware and slides
occufied under class 10,000 clean room and
class 100laminar ffow hood conditions and
consisled of a sequential rinse in warm tap
water containing 2% (v/v) Micro (Interna-
tional Products Corp.) cleanerfollowed by a
thorough rinse in running tap warer, 5 min
exposure to 80'C chromic acid, four
sequential rinses in filtered (DFA 4001 ARP,
0.22-ltm filter, Pall Trinity Micro Corp.)
distilied water, two rinses in flrered (DFA
3001 BNP, I, to 2-pm filter, Pall) absolure
ethanol, and vapor degreasing in a Freon
TEs-ethanol azeotrope vapor for 5 min.

Sudace silanizalion was essential in some
instances for adequale polymer film ad-
hesion 10 the clean hydrophilic glass sur-
face. The vapoFphase silanizarion tech-
nique was that of Haller (6) and uritized
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either 5% (v/v) 7-aminopropyltriethoxysilane
in anh ydrous p-xylene to yield aminopropyl
silanized (APS) glass or 5% (vlv) n-penryl-
triethoxysilane and 1.57a (v/v) anhydrous
2,6lutidiDe in anhydrous p-xytene io yield
r-pentyl silanized (r-PS) glass. Clean glass
subslrates were vaporsi lanized for l6 l8hr
in aglass refluxing apparalus. Vinyl silanized
Slass was prepared by dip coating from a
17. (v/v) solution of vinyltrichlorosilane in
anhydrous 2,2,4-irimethylpenlane followed
by rinses in 2,2,zftrimethylpentane, ethanol,
and distiiled water. These slides were oven
dried at 60'C for 12 hr.

Unless specified otherwise polymer nlms
were spun cast onto glass slides using a
rotating disk spinner (Headway Research
Inc-) and a vacuum chuck. Polymer solu-
lions were dispersed onto and totally
covered the slide surface in 2-nl aliquots.
Solution deposition ard spin cycle (4000
rpm, 15-20 sec) were repeated thrice to
remove excess solutjon and produce a
uniform film approximarely 800 1000 A
thick. Spun cast polymer film thicknesses
were initially determined using ellipsometric
and gravimetric techniques. Once film-
forming conditions were developed, uni
fornity and approximale thicknesses were
derived from the distribution and eventual
disappealance of interJerence colors. Thick-
nesses were not determined for silane and
adsorbed protein films. Films were cured at
60 l 10'C under dry N1 for 3 hr, extracted
in either filtercd, doubly distilled water or
streaming electrolyte, and analyzed as pairs,

All polymer solutions were lVa (wl\) in
analytical grade solvents. Solutions were
filtered (Millipore PIFE, 1 lam) and stored
in particulate-free, cleaned glass bottles
under either nitrogen or argon. Synthetic
polymer solutions were: polyvinyl chloride
(PVC) secondary standard (Aldrich, Lot 01,
M, = 85,500) in tetrahydrofuran, poly-
styrene (PS) secondary standard (Scientinc
Polymer Products, Lot 03, M" : 84,600) in
toiuene, unfilled polydimethyl siloxane
(PDMS) (Avco Medical Products, SR-RTV-
ro,,nt .4 cahd 4a kkthe knr

80-68M-0iL, M" = 23,000) in chloroform,
and Avcothane 5l (Avco Medical Products)
in tetrahydrofuran:dioxane (2: l).

A synthetic series of methacrylate ester
copolymers possessing both variable hydro-
philic:hydrophobic ratios and cha.ge moie-
ties were prepared and characterized as
detailed elsewhere (7). Va.iations in the
philic:phobic ratio were accomplished by
random copolymerizal ion of hydroxyerhyl
methacrylate (HEMA) and methyl meth
acrylate (MMA). Charge was incorporated
into the neutral polymer systems via
copolymerization of HEMA or n-butyl
methacrylate (r'BMA) with methacrylic
acid (MAA) or two quaternary ammonium
salts of dimethylaminoelhyl melhacrylate
(DMAEMA) monomers (HCI or CHrCI).
The monomer DMAEMA quaternized with
ei ther hydrogen chlor ide or methyl  chlor ide
was provided by Alcolac (marketed as
Sipomer Q-6 monomer). We abbreviare
these monom€rs as DMALMA HLI anJ
DMAEMA CH3CI which would be syn-
onymous vr'ith the terminology melhacryl-
oxyethyltrimethylamrnonium chloride.

Biopolymer solutions were deposited in
both spun cast and adsorpt ion modes.
Solutions were: SeaKem agarose (FMC
Corp. Lot No.62349) in doubly dist i l led
water spun cast at 60'C and Fraction V
serum albumin-glutaraldehyde solutjons in
streamirig electroiyte as follows: rabbit
(Sigma, No. 53C-0890),  bovine (Mi les.
No. 288),  human (Sisma, No. 84C-0152-1),
ovine (Sigma, No. l02C-1540),  and goat
(Sisma, No. 92C-1820).  Albumins were
spun cast thrice from 5% (Wv) solutions
also containing 20 puml of 50v. \yle)
aqueous glutaraldehyde (Polysciences). Films
were allowed to crosslink at23"C,40% rcla-
tive humidity overnight and then hydrated
4 hr in streaming buffer. Fraction V bovine
serum albumin, BSA, {Mi les, No. 81-001-3)
as 1 mg/ml in acerate buffer (pH 4.8, 0.025 g
ions liter_I) was adsorbed onto clean slides
lor 30 min al 24'C, rinsed in acetate buffer
for 60 sec, crosslinked with 0.25Va (vlv)
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TABLE I
Average ( Pote.lial and AE!tr/AP Ratio for Glass Subslral€s and Silao. Filns Evaluated on, Sampt€s

t57

Gold S€al

vs
T-PS
,-PS
n-PS
APS
APS

-0.41? !  0 .010 (21

-0.408 ( r )

-0.426 i 0.00r (ll
-0 . r44 r  0.0 l ]  (1)

0.137 r  0.0t0 ( l )
0 .15? ( l )

-0,314 ( l )
0.15? 1 0.00? (3)
0.215 ! 0.012 (.4)

-0-124 1 0.014 (3)
-0_368 (1)

0.368 ( r )
-0.204 . 0.017 (4)

0.249 a 0.011 (3)

65.2 !  0 .3 {3)
-66.1 !  r .4  (2)
-63.1 r  0.9 (3)

-62.1 lD
-63.2 a 0.6 (3)
-65.2 r  l . r  (3)

51.2 r  2.0 (3)
5 r .9 I  r .5  {3)

-J3.2 ( t )
-49.6 ( r )

-51.6 a 1.2 (3)
-43.6 i  r .9  (4)
-50.61 1.8 i3)

-56. t  ( l )
-56.? ( l )

32.0 a 3.0 (4)
-39.9 !  1 .9 ( l )

LB (a,  c ,  i j )
PI (a, c, f.j)
DLC (a, c, c, i)

RNK (a. c. s, j)

PI  (b.  c ,  e, j )
LB (b, c, r, j)
DLc (b,  c ,  e.  j )
DLC (b,  c ,  A.  j )

LB (a,  e,  s ,  j )

LB (a. d. e. j)
( Abbrcviario.s: (a) Cold Seal o. (b) Bev I edse, (c) tro silanc, (d) Aps or (.) i ps, (r) no exracrron,

G) cxracrion ov.rni8hl in slreani.e elecrrolrlej (hl 24 hr or (i) 35 hr exftaciio. i. doubly disrilted waLcr
and lcs than (j) or more rhan (k) 57,1otal vdiarjon in rhre. or mo.e AE$/AP ralios per sampte,

flow driving pressures, P, produced a locus
of points which were linear and of slope
At"r ' /AP. This ral io is ut i l ized in Eq. l l l

&; -  8.4q22 I0'  i : i :  . ]Ba l l l. L P

to determine the ( polenlial, {,a (in mV).
BulI  values for lhe elecrrolyte viscosir ,
('l = 0.010 P) and dielectric constanl (€
= 80.14) were utilized at the streaming
temperatur€, 20'C. Specific conductance of
bulk electrolyte, Ks, was calculated on rhe
basis of a measured ac resistance (R,.
= 180 ohm) in a precalibraled, platinized
platinum conductivity ceU (C = 0.262cm-'),
$here Ks $a'  C/R,. .  Srreaming eleclrol) le
w a s  0 . 0 1  M K C I ,  8 x  l 0 a M  N a , H P O . ,
2 x 10{ M KH,POi, pH 7.4. Values of rr
are an avemge ofat least three sets ofplates
unless indicated otherwise.

RESULTS AND DISCUSSION
The averdge AEnIAP rat ios and cal-

c u l a t e d  (  p o r e n r i a l ( . 0 , .  a r e  t a b u l a l e d  i n
ru,,daIcdbir,rd hk tK" scnr

butrered glutaraldehyde for 20 min, and
rinsed again in acetate buffer for 60 sec.
This was repeat€d five additional times on
some slides to yield six albumin layers"
or successive areatments. Adsorbed films
resulting from both one and six treatments
were exposed 10 fresh BSA (1 me/ml) to
quench residual unreacted glutaraldehyde
and stored ovemight in streaming electrolyte.

For all cases where multiple investigators
analyzed polymer films, substrate cleaning,
silanizatioo, and spin casting were idertical.
Differences in glass substrates and pre-
slreaming exlraction conditions are specified
In tne lasl  column oI labtes l - l l l_

Str€arning potential measurements were
conducted on glass substrates and thin
polymer films supported on these substrales
in a parallel-plate streaming cell having a
plate separation of 120 r!m. All design and
measurement techniques, as wel l  as al i
necessary hydrodynamic requiremenls ) have
b€en detai led elsewhere (5,8).  Measure,
meni ofstreaming potenlials, t"r. at various



r58 VAN WACENEN ET AL.

TABLE II

AvcBse ( Pot.ntial a.d AEm./lP Ralio for Eiopolym.r Films Evaluatcd on r Sanples

I-0.120 :  0 .012 (3)

-0.360 r 0.006 (2)
0.360 (r)

-0.160:  0.0r8 ( l )
-0. )21 ( r )

0.27? I 0.008 (3)

-0.280 I 0.002 (3)

- r8 .0  l  1 .9  (1 )
58 .3  1  t .0  {3 )

-56 .?  ( l )
-51 .2 ! 2.6 (1)

- 5 1 . 5  ( l )

- ,14 .1  +  1 .3  { l )

45.6 ! 0.3 (3)

LB (a,  d,  s , j )
LB {a,  d,  s , j )
LB ia,  d,  g, j )
LB (a,  d,  s , j )
LB 1a,  d,  s , j )
LB (a,  d,  s , j )

' S.e nolc for Ta6le l.

Tables I-III for glass and silane substrates,
biopolymer and synthetic polymer fiims,
respectively. In each case, the final column
identifies the investigalor-subslrate: Gold
Seal (a) or Bev-l-edge (b), silane linkage:
none (c), APS (d), or r?-PS (e), extraction
conditionsi none ( f), overnight jn streaming
elecrrolyte (s),24 hr (h),  or 35 hi  ( i )  in
doubly dislilled waler, and degree ofelectro-
kinetic data slability during the l5 min
required for analysis,  i .e. ,  less than ( j )  or
more ahan (k) 5% lotal variation in three or
nofe AESIJAP ratios per sample. Values for
both AE",JAP and 9r are given in the event
that any assumptions leading to the deriva-
tion of Eq. ul are found to be erroneous in
the future.

Eleclrokinetic reproducibility for rnost
subslrates and films prepared and evaluated
by different investigators was generally
good wirh ranses in 0r of 0 mV (HEMA,
97% MMA 37. MAA),2 mV (PDMS, PVC,
MMA, 97%-HEMA-3% MAA), 3 mV
{Gold Seal) ,4 mV (Bev-l-edse).5 mV (97%
HEMA-3Vo DMAEMA-CH3CI) and 6 7
mV for r-PS and APS, respectively. Both
PS and 97/c MMA-3qo DMAEMA-CH3CI
exhibiled substantial variabilily (17- 19 mV)
which seemed to result from differences
arising during sample preparation and
extraction. Several 6lrns. nolably some

h@41 rt cdha Ml ha.Ioq kr.

r -PS, PDMS, PVC, MMA, and PS exhibi ted
significant variations in AE",./AP wirh time.
In these instances, AE"$iAP and thus Ur
became more negative. This oflen seemed to
be attributable to inadequate fiim extraction
or preequilibration prior to streaming
analysis. Polystyrene was the most dimcult
film to analyze exhibiling lhe largest
electrokjnetic time vadability (8 mV in 15
min), the largest degree of sample hetero-
geneity, aod in some instances partiai
film detachment.

Spun casi serum albumin films were
electrokinetically stable and essentially
i d e n l i c a l  r - 5 ? . 5  r  I  m V r  f o r  a  v a r i e r y  o {
ver lebrale specier *r th the excepl ion ol
goat albumin (-51.5 mV). See Table IL
Adsorbed and subsequently crosslinked
BSA showed no eiectrokinet ic di f ference
between the first adsorption-crosslinking
sequence and the sixth ( 45 i 1 mV). The
12.5-mV difference in {r! between spun cast
and adsorbed BSA films may be due to
difrerent sources of Fraction V, methods
of glutaraldehyde crossiinking, or film
depositing. Spun cast agarose films were
also evaluated and this material seemed to
have the lowesl V, of all the "neutral
materials.

The electrokinetic polential ofall "neutral '
hydrophobic and hydrophilic polymers was
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TABLE I I I

Avcdse { Porcntial and AE,./dP Ratio for Synlhelic Polymer Films Evaluat.d on r Sanples

159

PDMS
PDMS
PDMS
PDMS
PDMS

PVC
PVC
PS
PS
PS
PS
PS

I]EMA
HEMA

MMA
5V% IIEMA-'o7. MMA.
99K 'IEMA- I% MAA
97Co HEMA-3% M!.A
97Vo HEMA-3Va MAA
75% HEMA 25% MAA
5oqo HEMA-5V. MAA
2.5% HEM^-15Vo MAA
99% HEMA I% DMAEMA.ITCI
99% HEMA-I% DMAEMA-CH3CI
9?% HEMA.3% DMAEMA HCI
97% nEMA-3% DMAEMA-CH.Cl
9?% EEMA-lE DMAEMA-CEjCl
95% HEMA-5% DMAEMA-HCI
952. HEMA-5% DMAEMA-CH3CI
90% EEMA-lo% DMAEMA Ctrrcl
E5% HEMA.I5% DMAEMA-HCI
65% IIEMA- l5Z, DMAEMA-CHrCl
65% I]EMA-35% DMAEM,{-HCI

97% MMA-3% DMAEMA-HCI
97d MMA-3% DMAEMA-CH3CI
97% MMA-1% DMAEMA-CH:cl

91 ^-BMA-t% M4.1\
9?%,-BMA-3% DM,AEM,A-CHrCl
907.,-BMA- l0% DMAEMA-CH3Cl

-0.320 i 0.008 (2)
-0.328 : 0.024 (4)
-0-272 I 0.02r {3)

0.330 I 0.014 (3)
-0.333 r 0,013 (3)
-0.265 a 0.010 {t)
-0.285 i 0.005 (3)
-0,272 ! 0.015 (3)
-0.215 t  0 .02812)
-0.314 i  0 .m6 o)
-0.287 !  0 .0, r  (3)

0.372 :  0 .012 (3)
-0.256 a 0.021 (31

0.154 ! 0.009 (3)
-0.15? I  0 .0r2 (3)
-0.2r4 I  0 .0r4 (3)
-0.202 10.0r9(3)
-0.190 !  0 .012 (3)

0.160 i 0-022 (3)
-0.165 i 0.00? (l)

0,184 : 0.014 (8)
-0,248 I 0.008 (3)
-0.286 ! 0.008 {3)
- 0 _ 3 0 5 1 0 . 0 1 1 ( 3 )
-0.0% a 0.016 (3)
-0-0?9 a 0.01? (3)
-0.086 I 0.013 (3)
-0.039 r 0.019 (3)

0.006 i o.lJ40 (3)
-0.042 r 0.020 (3)

0,00 1 0.014 (l)
+0.024 : 0.003 {1)
-0.009 : 0.006 (3)
+0.0e1 a 0,004 (l)
+0.020 a 0.00E (3)
- 0 . 3 1 5 1 0 . 0 2 1 ( 3 )
-0.303 : 0.009 il)
-0,157 ! 0.013 (3)
+0.121 i  0 .010 (3)
+0.0r0 a 0.028 ( r )
-0.285 i 0.004 {4)
-0.421 r  0-001(3)

0.158 a 0.028 (4)
0.079 t 0.003 (2)

-49.6 a 3.3 (4)
-4t .6 I  3 . t  (3)
-51.0 1 2,2 ( l )
-51.2 ! 2.6 13)
-4n-2 ! 2,3 {3)

42.4 i  1 .3 (3)
19.6 !  2 .1 (3)

-42.1 !  2 .2 \3)

-5?.7 1 1.6 (3)
- 3 8 . 6 1 3 . 1  ( 3 )
-24.1 r  1.3 (3)
-24.0 1 1.8 (3)
-31.91 2.2 (3)
- 1 1 . 5  t  L I  ( 3 1
-28.7 j  1 .8 (3)

2J.? a 1.1 (3)
-2E.3 a 6.6 (8)
-3E.4 ! l-2 (3)
-44.0 : i.2 (3)
-46.7 a L8 ( l )
-14.8 ! 2.4 (1)
-13.3 :  1 .4 (3)
-13.2 !  2 .0 ( l )
-6_0 1 3.0 o)
-0.9 r  5.J  (3)
-5.1 J 0.9 (3)

0.0 1 2.4 (3)
+3.7 a 0.5 (3)
- r.2 a 1.1 o)
+9.9 i  0 .6 (3)
+ 3 . 1 a  1 , 2  ( 3 )
49.2 ! 3.t t3)
48.? i  r .J  ( l )

-25.r  I  1 .5 {3)

+r .6 a 4.5 €)
-41.6 ! 2.1 l4j
-63,3 ! 0.65 (3)
-23.9 ! 4.0 14)
-12.8 t  0 .4 (2)

DLC (b, c. c,jl

PT (b, e, i, r)

DLC (b,  c ,  c . i )
DLC (a,  c ,  g, j )
RNK ( ! ,  c ,  e , j )

DLc (a.  e,  s , j )
DLc (b,  c .  e, j )
RNK (a,  d,  s ,  i )
RNK (a,  d,  e,  j )
DLC (a,  d,  g, j )
RNK (a.  d.  s , j )
R N K  ( a ,  d , 8 , j )
RNK G, d,  C, j )
RNK (a. c, c, j)
RNK (a, c, B, j)
RNK (a,  c ,  e, j )
RNK (a,  c ,  B,  j )
DLC (a,  c ,  C, j )
RNK (a,  c ,  C, j )
RNK (a,  c ,  e, j )
RNK (a,  c ,  e, j )
RNK (a,  c ,8, j )
RNK {a,  c ,  g, j )
RNK (a,  c ,  B, j )
DLc (a,  d,  c , j )

DLC (a,  c ,  c , j )

DLC (b. e. 8. j)
DLC (b.  d,8. j )
LB (a,  c ,  c ,  j )
LB (a,  c ,  c , j )

" S.. notc for Tablc l

net negalive as shown in Table III, i.e., avcothane ( 39nV),HEMA( 24 t 0m\0,
P D M S ( - 5 1  i l m V ) , P V C (  4 1  a  l n v ) ,  a n d  M M A  ( - 3 3 r 1  t r l v ) .  E q u i m o l a r
PS ( 44+4 mV), , -BMA (-42 nV), mixtures of HEMA-MMA copolymer had

ra! d ot couoa atu hn,tua scn
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an intermediate lr. of -29 l 2 mV. In-
corporation of negatively charged MAA
residues into HEMA, MMA, and ,-BMA
resulted in copolymers whicb exhibited
increasingly negative values of U! with
increasing amount of bulk charge. Simi-
larly, copolymers having positive residues
(DMAEMA-HCl and DMAEMA-CH3CI)
incorporated into neulral HEMA, MMA,
and ,-BMA always had a {,r which was
less negative than thal of the neutral base
polymer. At sufficiently high percentages of
charge incorporation, {. became net posi
tive. The CH3CI salt of DMAEMA seemed
lo be more effective in manifesting the
posit ive charge $dn the HCI salr  at  equiva-
Ient concentmtions, This may arise from
differences in local microenvironment and
subsequent influences on pxd's of the
two species. These studies suggest that
incorporation of charged residues into the
polymer network has apredictable effect on
the electrokinetic surface charge and
thus Ut.

The origin and distribution ofcharge and
resulrant potent idl  f ie ld ar rhe in5ularor-
elecaolyte inlerface is not completely
understood for glass or polymers, The net
negative charge on softglass may arise from
the ionization of surface silanol groups
having a p,("  of  7.1-7.2 (9, 10) or tne
ad.urpt ion of polent ial-determining ions
(11) or a combinat ion ofboth (12).  Softglass
pteexposeo lo an aqueous envlronment
possesses an extensively hydrated, leached
surface of porous, amorphous silica charac,
terized by at least three kinds of silanol
species (9). Differences between {!for Cold
Seal (-64 mD and Bev-l-edge (-52 mV)
sl ides are signi f icdnt and may ar ise from
processing variations, e.9., forming, polish-
ing. c leaning. hydra! ion. etc. .  leading to
differences in silanol content, ion profiles,
surface porosity, and roughness. Thedegree
of surface roughness and subsequent effect
on shear plane position is probably the
single largest unknown remaining in eleclro-
kinet ic research { lJ r .  Ole Eode. l .  L l4) ar i \ ing

a'i*-a a cataa.la n"4."

from electrokine{ic titration sludies en-
visions the glass surface as possessing hy,
droxyl adsorption sites distributed through,
out an open, porous hydrated surface with
proponionately fewer sites at the surface in
the vicinity of the elecrrokinetic shear plane.
Conseque tly, titratable charge greatly
exceeds the electrokinetic charge respon-
sible for l,{ and the electrokinelic poten-
tial approaches a plateau value at increas-
ing pH since ion-binding sites al the shear
plane are occupied at low pH 6rst.

The origin of charge at the polymer
electrolyte interface is even Iess clear.
Our preliminary electrokinetic studies (15)
showed that many neutral polysaccharide
and synthetic polymers acquire a nel nega-
tive surface potential in contact with aqueous
electrolyte. While incorporation of either
positive or negative moieties as copolymer
residues was reflected at the electrokinelic
surface as a decrease or increase in net
negative polenlial, respectiveiy, the amount
of measured charge greatly exceeded that
attributable to charge incorporated as
iooizabie groups. Those results agree with
this study in tlat small amounts of charge
added to hydrophilic methacrylales, such as
HEMA, were found to increase streaming
potential values, but the incorporation
of addilional larger amounts had a less
prominent eflect on iy'i as evidenced by
a plateau for both positive and negative
cbarge addition on a graph of *! versus
mole percent added charge. { Porential
as a function of net cha.ge incorporated
 S HEMA_DMAEMA-HC]. HEMA DMA-
EMA-CH3Cl,  or HEMA-MAA copolymer
exhibited an obvious symmetry around 0
mole percenl charge for the positive and
negat ive copolymers (15, l6).

All synthetic, neutral polymers as well as
agarose hada nel negative { potential- Other
researcbers have found similar results for a
variety of synthet ic polymer (4, l7- l9) und
natural polymer surfaces (20-23) many of
which have biomedical applications. The
most widely quoted explanarion for ne!

L
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negative electrokinetic charge on non-
ionizable polymers is the specific adsorption
of pol€ntial-determining ions such as OH-
and Cl- from solution (17, 18, 24). In
principle, the srnaller, more polarizable,
and less hydrated aDions in an aqueous
electrolyte have a greater tendency to
partition at an inlerface particularly if the
polymer surface is hydrophobic. Hydrared
proteins and neutral polysaccharide sur-
faces adsorb ions less readily than hydro-
phobic polymers. However, albumin mole-
cules seem to be an exception adsorbing
anions (24) to hydrophobic sites (25) on the
molecule surface. The orientation and struc-
lure of water at interfaces of differing
hydrophilicity have been postulated as play-
ing a role in specific anion adsorption and
subseqoent interfacial charging (17).

Polystyrene lattices with no titratable
surface charge have been shown to possess
substantial electrophoretic mobilities which
were explained bythe adsorption of chlo de
and hydrogen anions (26). However, Fowkes
and Hielscher (2?) provided an alternative
explanation which evo*ed electron injec-
tion from calionic water states into anionic
stales of polystyrene thin films as the
mechanism for providing negative electro,
kinetic potentials. Their data obtained with
a depletion mode P-channel FET indicated
that both PS and chlorinated polyethylene
reached equilibrium surface charge densi-
lies ofaboul 1 x 10r! electrons cm-! within
20 sec. Many of our "Deutral" polymer
films have ,ri in the -40 mV range which
corresponds to a dilfuse doublelayercharge
component of about 3 x l01r charges cm ':.
It is also interesting to nole the existence of
time-dependent electrokinelic drift in some
of our polymer thin 6lm results. This is
attributed to pbysical changes in lhe film
during streaming. Most films were pre-
equilibrated in slreaming electrolyte priorto
analy sis; however, those films exhibiting the
largest rime variability (PS) were equilibrated
in doubly distilled water. This variability
then may refl€ct lhe process of inlerfacial

chargjng and ion diffusion poten(ral! ac
companying €xposure to electrolyle rather
than actual film d€tachment. Also, addi-
tional research associaled with this study
has showna strong correl ation between bulk
warer contenl and both v.  and lhe com-
ponenl of  lhe inlet facial  f ree energy for
runchanSed hydrophi l ic and hydrophohic
polymers 116.28).  Model ing and experr-
mental studies are currently underway to
mofe fully elucidate the origin ofinterfacial
charSe and i ls relat ionship ro *aler struc-
ture. surface h)drophol ic iry.  and prorein
aosorpllon.
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Evaluation and selection of activated carbon for
hemoperfusion

JoHN M. WALKER, ENNro DENTT. RrcK VAN WAGENEN and JosEpH D. ANDRADE

InniruleJbt Bionedical Engin?etihg. Uniue6ilt of Utah. Salt Lake Citr, Utah, an.l
So n Sacien Ricetche Bionediche p. A.. Saluggio.ltalr

Activated carbon has been used for a long trne in
medicine, mainly as an ofalant idote in cases ofacute
poisoning. In the last decade invesl igat ions have
started in the usc ol activated carbon to rcmovc tox'
in '  in "rem.a. l -efaL ( lu i l . r re .  nd r \  r l (  pu .un nts
Th€ l rcatm€nt involves ei lher p€r iusing the pal ienfs
blood !hrough a column conlaining coaled acl ivated
carbon or oral  ingest ion of the adsorbent.  Anoth€r
area of imporlancc is dialysalc regeneral ion. in which
adsorbents are used to reduce the volurne ofdialysale
required for hemodialysis.

Dillcrenl crileria are required for selecting the car-
bon to be used in each appl icat ion. Act ivaled carbon
used for hemoperiusion mLrsl  be clean, genefate
very low nunlbers of part iculales and be non
!hrombogcnic.  To enb.tnce blood compatibi l i ry rhc
carbon is coaled wi lh a biocompai ible natcr ial .  The
size and geomelr]  of  1be parl ic les are inlpor lant in
henlopcrlusion to minimize h€molysis a.d plalelel
o r o n  a n d  L o  ( n ' J r r  ' J r i \ f d c . o r )  h e n J , l ) n  I n  c ' .

Propcrtics of ,ctivated carbon
Smisek and Ccrny l lhave.eviewed aci ivrted car

bon, i is pr€pa.at ion and i ts prope.t ies. Acl ivated car
bon is a highly porous maler ial  prepared by ca.bonrz
ing and acl ival ing ofganic substances mainly ol
biologicai  or igin,  such as wood, petrol€um. cor l ,  peat
and shel ls.  The high porosi ty and high sur lhce area 1s
r h e  r c - , o n  l ^ r  r f  e  c d f b o l  .  L r g€ , d . o  n '  t e  . . r o : c i  ) .
Th€ producl of  s imple carbonizat ion is an lnactrv€
naler ial  with a specif ic surface area of th€ order ol
several  square meters per gram. A sorbent wlth a
highly developed porosi ly and a co.respondingly
la.ge surface area is oblained by feact ion with an
aclivaling agent. Activaled carbon is prcparcd eilher
b )  n h v . r c J  d c l i \ a r . u n  I ' e a . r i n 1  q i r \  ' ( r n  o r  C O  )
. r  o )  c h e m r c J l  a ! l r \ r r  o r  r r e t r . l i o n  $ i l h  , / r r c  c n l o -

ride). Th€ resuhing pores can be classi6ed inlo rnicro-
pores (radius < 20 A), lransitional pores Gadius, 20
A to 500 A) and mac.oporcs Gadius, 500 A o.
greater). Edch ol lhese pore lypes has its own iunc
lionr the micropores determine the Ndsorplive capac
ity,  whereas the l ransi l ional and macropores erable
di l lusion to the microporcs to occur.

Act ivated cafbons can b€ d iv ided into two dist inci
classes dccording to lheir  physical  shape. which is
relaled to the melhod of manufaclure. The nrst is
granulaf cafbon. produced by breakin-q and sieving
act iv! led cafbon into a narrow range oiparl ic lesizes.
ln lhis casc, lhe p.rr l ic le shape is i r fegular and the
macropore slructure is a luncl ion of the or igindl  raN
nrdtcr ial  bccdusc during carbonizdt ion the volat i lcs
.rre removed as the macropore si fucture is formed.
Th€ second is ertruded granular carbon, produced by
exrruding p.eviouslt  carbonized powdered mller ial
wi lh a binde..  carbonizing and act ival ing wi ih sleanr.
In this case an) large macropores present in the or igi-
nal  c.r .bonized male. ial  have been destroyed by
grinding. Verr-  spherical  act ivated cafbon beads can
also be produced by cafbonizing and.rct iv,r t i .g syn'
lhel ic polymer beads [46,47].

Kinet icaUy the solute lnolecule must 6rst  di t rusc
e:(ternal ly thfough the l iquid medium lo thc carbon
par! ic le.  Internal di l lusion lhcn occurs through the
nracropores into rhe micropor€s whefe actual solutc
adsorpt ion lakes place. The overal l  ralel imit ing slep
is di lTusion wirhin the nacfopore structurc oi  the
carbon 12, l l .

The amount ofsolute adsorbed at a given temper-
alure and concenr.at ion ofthebulk phase depcnds on
the na!ufe ol  the adsorben! and on the components ol '
ihc solul ion. As a general  rule,  nonpolar solutes afe
bert€r  adsorbed l iom aqueous solul ion than polar
ones. A further factor influcnoing adsorplion {iom
solul ions is the ster ic arrangenienl and chemicalcon-
st i tut ion of lhe molecule.

s-320
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Adsorpr.on general  i  i rc-e"s(,  $rLh'ncreasirg no-
lecula. weight in a homologous series, but other fac-
lors must be raken into account.  Adsorpl ion is
greater for mol€cules with straight chains 1|an with
branched chains. The particle size of the carbon can
allect the rale o I adsorptio n-the snraller lhe particl€
the quicker i t  anains adsorpt ion equi l ibr ium. Olher
paranrctefs that affect adsorption are tempefalure,
pH and thc presence of other constiiuents.

The aclivated carbons conrmcrcially available in
the United Slales include Darco, ColLrnbia, Witco,
Fisher, Nuchar. Barneby-Cheyney, Noril and Pitts-
bufgh. The main producer ofca.bon in Europe is the
Dutch Company Norit; France has Acticarbon; West
GermlLny has Lurgi and Degussai Italy has Mon-
lecalini and Gfeat Britain has Sutclife and Speak
man Conpany and Norir-Clydesdale Co.,  Ltd. A
number of aci ivaled carbons are made in J.rpan, by
such companies as Takeda Chemical Industr ies. Mit-
subishi Internalional Cofporatioll and Nimura
CheDlical Industries. Nearly every country las its

Actirated cribon in nedicine
The use ol  act ivated carbon in medicin€ to treat

disturbances in lhe digestiv€ syslem and to rcmove
poisons has been knowr since the t ime of Hippo,
cratcs. The first syslematic studies of carbon as an
ant idole were made in 1846 Hol iand Holz [4]sraled
that the mosl ellective antidote for poisons is orally
adminisrered aclivated carbon.

Carbon hcmopeffusion began with the report by
Yatzidis in 1964 [5, 6] in which he reported rhar
creal inine, u. ic acid, indican, phenol ic compounds,
guanidine bases and barbiturates are readily re-
moved by activated carbon. Urea, phosphate and
sulfate were poorly removed- Dunea and Kol[  [7]
feported that platelels w€re reduced by 5070 and Hag-
stam, Lafsson and Thysell 18, 9l found carbon par,
ticles in the lungs. spleen, liver and kidneys in theil
studies of acl ivated carbon hemoperfusion. To min,
imizd blood damage and f ine part ic le generat ion duF
ing carbon hemoperlusion, various invesligators have
used coalings ol polyhydroxyethyl methacrylatc
(PHEMA) l l0 l l l ,  cel lulose ni i rate [11, l5] ,  cel lulose
acetare I I 6, ] 71, ceil ulose i.iacetate I I 8], meihacryl ate
copolymer u9l,  acryl ic poiymer [20] and combina-
t ions wi lh albumin ei ther adsorbed or crossl ink€d
[2]1. Trble I  l ists th€ var iety of coat ings used lbf
aclivaled carbons. Henoperfusion has also becn used
very successfuily in the tieatment of drug overdoses.
It cffectively femoves paracelanol, paraquat 122,231.
barbiturates, nethyprylon, glulelhimide. meih-
aqualone and sal icylates [24,25,27].  Other in,

s-32r

vestigalors have evaluated the use of carbon to trear
hepalic failufe, but conclusive resuirs are not yer
avaitable [28,29].

Creenbaum and cordon l30l developed REDY, a
recirculating dialysate system which uses a combina-
tion ol activated carbonj urease, zirconium phos-
phate and zirconium oxide and uses six liiers ofdiaty-
\ a r e .  P r o b l e m s  s  r h  l h <  n o n , o e c r l c  r )  o t  / , r c o n i r r r
phosphate rcquire the lnfusion of magnesium, potas-
sium and calcium ions. The djalysate side of rhe
wearable artilicial kidney being developed al the Unl
versity ol Utah []ll us€s 250 g oi lctivated carbon.

Aclivat€d carbon may also remove the so-called
middle molccular weighl toxins. Chang er, t l  [45]have
documented the efliciency of rhis in removing coln,
pounds ol  1000 to 1500 mol wt in se.un ofpat ients
with chronic rcnal failure. The carbon henop€rfusion
column could be used in conjunction wirh a hemo-
dialyzer 1o assist in the removal of creatinxrc, unc
acid and middle molecular weight roxins or rn senes
wirh an ullraliltcr to remove water.

Activaled carbon has also been used successiully to
felro\(  (ertain urcr i (  .o\  ns [-JT lh( gd5r-oinre,
t inal  t rac1, mainly ur ic acjd and crearinine J32, 331.

The.e are a number of probl€ms with aclivared
carbons. Uncoaled carbon is quire rraumatic to lhe
ibrmcd elements in blood. This is an example of a
natcrial that iirsl appeared very promising (high ad-
sorplion capacily) but had to be extensively modificd
(washing and encapsulating) before ir was suiiable
lbf medical Lrse. The generalion of small parhcutates
ma) lerd ro microembol ic p-obl(ms. These mrcro-
particlcs or fines are probably generared during acti,
val ion Bnd shipping of the carbon, and for mosr
indusir ial  appl icat ions they are not a problem. How-
evef, for a specialty application such as h€moperfu-
sion ihe nnes are a mrjor disadvantage. I f  not re-
moved frorn the surface ofrhe cafbon before us€. i! is
likcly that these rnicroparticles wc,uld be carried into
the pat ient 's body by his own blood during hemoper-
fusion. Several invesligators have shown lbat micro-
rrbL' l i  a-e ,  \eloJs problen rt  lhe carbon is noL
adcquately washed before use and as a resull have
questioned the satety of hemoperfusion [8, 17, 34,
l5l. Acrivaled carbons before being used medically
should be properly evaluated.

Eyaluation of a.tilted cs.bon

A sefies of lesls should be enrployed ro evaluale
activaled cafbons. Table 2 presents these evaluaUon
tesls. If an in\restigator wishes to use an activatcd
carbon that is easi ly avai lable, the minimum res6 lna!
should be performed are microparticle generarion,
adsorptioh capaciiy and ion elLrtion. A simple
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'l lble l Coaline of activared carbon for nedicdl applications [26]'
City

Rierenaand vanZutphen

1974 Uni!. of Ulah
1964 Ml .  S in r i  Hosp.

1969 Mcc i l lUn i ! .

1911 Univ. ofurah Salt LakeCity
l9?4 Un iv .  o fu rah  SahLakeCi ry

1966 Un iv .  oaArhens  A lhens
1968 TcmpLeUnivMedSchoo l  Ph i lade lph ia

l97l SORIN Saluggi!, hal!

Cetlul$c nib.te (colLodioD) chang 1968 McGi l lUn iv .
l9l2 Tech HoeeSchool

1965 Mi .  S ina i  Hosp.

1965 Mt .  S in l i  Hosp.

1967 Mcc i l l

197,1 So. Research l.n.

197,1 Strathcltde!lniv.

1966 Mcc l l l  Un iv .

1971 Kinsi College Hospiial

197,1 Snrith& Nephew
Research Ltd

Haemoglobrn, idsorbed

NIe!hncryht. copolyncr

U.idenrllicd acrylic poltmer

. Rellr ro [26] lbr lisr or rcrercn.es.
i Year .f fi61 relorl or, for uipublished vork, year of our list knosledse ol lhe \york.
' l'or clinical asrl applicalions.

mcthod sholLld be us€d to ensufe lhat lhe carbon rs
properly washed and coated and, if ir is used for m
,lm purposes, to ensure thal  lhe carbon column is
sterile, nontoxic and pyrogen-free. The ensuing dis'
cussion wi l l  be concerned wi ih evaluai ing some ofthe
di$efent types of act ivated carbons.

Act ivated carbons as sent by the manufactufe.
should be subjecred io an initial cleanliness tesi to
deiermine ihe amount of microparticles present on
the surlace. Thc tesi could sinply consist ofrvashing
the carbon, fihering ou1 the released fines on a lilter
and wei-qhing the filter [34].

An important lactor associated with the nne oar
bon parLicle problem is renoval of  lhese potentral
f l r b u l i  b < l b  <  r h ( . r f b u n  i r  .  , < d  i r  J r , / ' J , " o c i p e r i -
rnent. Diff€rcnt irvestigators use differcnl washing
tcchniques 15, .14, 16. l7 l .  In each case waler is used
to wash ofl the micropariicles. The etrectiven€ss of
lhe wdshing lechnique could be deLermined ei ther by
exaninins the carbon surface befofe and afier wash-

ing by scanning electron nicroscopy or by filtering
and weighing thc nicroparticles in the final wash
solul ion,

I f  a f lu idized bed is selecled, cont inuous carbon
particle coUisions occur, r€sulling in particle liag,
meniat ion and the creat ion ofpart ic les smal l  enough
to escapo lh€ restraining screens and be carried into
the blood stream as emboti .  In a nonf luidized bed,
particlc agitation is almost nil and the pressure drop
ove. the colulnn is nluch lower. The nonf luidized bed
has been selecled by ncarly every invcstigator study-
ing hemoperfusion. Two n1ain lypes of at l r i l ion tert
ins have been developed. On€ is use of conpressed

'Iabl€ 2. Sunnr!ry oi rells to cvnlunre carbon

6 Microparticle sener!lion
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air  to agitaterhe part ic les in acolumn and the otner rs
use ol a rod or ball mill. In each casefiefine parlicles
or the granules remaining are weighed to determine
the weight change [34].

The surface area of the aclivated carbor rs ure
deciding factor in the adsorpl ion capacity.  Carbons
vary in available surlace area wirh the typ€ of activa-' ron and ir \  LlLrr t ion. S mple rr  r , rr ,  ,creenirg re. l .
lor measuring the carbon's adsorption capacity for
crealinine or olher solutes are available. More corn-
plicaied tests! such as benzene adsorption, are avail-
able 1o m€asure surlac€ area.

Scanning electfon nicroscopy can yietd significant
rntorrnation with regard to the sbape of the carbon
particle, i1s macropore slructure and the number of
n i c f o p a r r i c l ( '  o r e . e n t  o n  h c  r u r t a c e .  l t  l h e  p o r e . r / <
distribution is required, mercury porosim€try is used.

I !  is inporlant to quani i late the nunrber ofmjcro-
pa| i ic les bejng generated during hemopertusion.
Som€ of  the techniques avai lable are nephelomerfyj
coulter counting and llltering. ln nephelometry a ver,
l ical  beam of l ight is passed !hrough the rcst soiuuon,
and lhe degree of light scaftering is a funclion of ihe
number of pafticulales present. The scauered light
can be detected by a photoel€clric devjce. Coulr€r
counl i rg coLrl l ,  purr iculare\ bJ . l1ea\L- ,e chunge5 rr
r ( \ i s t r r c e  ( r r r < d  b )  t h e  p r r L i c r l d r e ,  d i , p . a c i n g  a n
equal volume olelecrrolyre. The lilrering melhod uses
a 0.2p or 0.8p Miltipore or Nuclepore filter, through
which the test solution is filtered. The amount of
microparticles is found by weighing the fi1ter or
counting the fines [38]. The nurnber of parljclrlates
being produced should be less than tha! recom-
mended for i.v. fluids [43]

variable levels of heavy m€rals ar€ presenr in the
faw carbon, and high levels ofcopper contaminal ion
have been noted [39].  Proper ion elur ion technlques
nr ust be used, which gen€rally consisr ofacid washing
lbllowed by waler washing. This necessitares tlc use
ol water that is free of heavy netal ions.

To improve blood compal ibi l i !y and ro decrease
lhe number ol micropariicles being generared by at-
lrition, aclivaled carbon has becn encapsulaled wirh
a var iety of coat ings. Unforrunarely,  rhe coaring ot,
ten decreases the carbon's adso.ption rat€ and may
decrease the capacity. Various invesiigators have
used dillerent techniques ofcoating ftom spray coat-
ing lo pan coating. Diferent solvenls have been used,
dependiDg on the polymer. Alburnin can be adsorbcd
or crosslinked 1o the surface.

Proper tests must be mlde to ensure thar the acti-
valed carbon and thc hemoperfusion colunn are ster,
i le,  nonpyrogenic and nontoxic.

This paper has not discussed column desigi, !rarc-
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rial of construction, fiow parameters of pressure
drops. Dunlop and Langley I44l concluded thar djf-
tuslon through the boundary layer is the rate-lirniring
step in the adsorption onto activaled carbon. Th€y
also suggested that a long, smalldiameter column
may bc the optin]al design lor mass rransfer. How,
evcr j  a ver]  long column may not be oprimal for
blood compatibi l i !y.

Results snd discossiotr
Commerciatly availabl€ granulaf and pelietized ac-

tivaled carbons !ary widely in terms ol initial mrcro,
prrLicle coni€nt. The srudies by Van Wagenen et al
[ ]41 on U.S.A. carbons showed thal Wirco 5t7 and
256, Columbia carbons JXC, LCK and MBV, Barn-
eby-Cheyney FP and pelletized Norit RBI w€re th€
clean€st carbons in rhe as,received s!ate.

Various carbons djfler in terms ot emciency of
water washing. Some carbons can be etrectively
cl€aned, depending on lhe washing process being
used. Van Wagenen er al  [ ]11 reported rhat th€ Witco
carbons 517, 256 and 337 as welt  as rh€ Columbia
carbons JXC. MBV and LCK were all eff€ctively
cleaned by water washing. Walef washing a sirong
carbon cleans i! by washing off the micfoparticles.
Collisions beiweeD carbon granul€s are not sufftcient
to produce more microparlicles. On the other ha.d,
washing a weaker carbon undef the same conditions
ma] be sulicient to produce a sizable number of
nicropadicles from collisions. A point of dirni.
ishing rcturns is reached and tbc carbon does not gel
any cleaner! since as many nicroparticles arc ocrng
, r e d l r d  a .  J r <  b e i l p  i . , h e d  d s " ) .  \ d r i o l ,  i n -
\ e s . g a l o r ,  h .  v e  u ' e d  d i f f e ' < n r  $ r , f  n g  l e c h r  i q r e . .
and th€se af€ wel l  documerrcd l i5,  14, 16, 371.

Witco carbons 517, 125 and 337 and Colunrbia
LCK were found to be more resisranr to allfluon
than Nofi i ,  Darco and Pir lsburgh SGL granuiar acl j '
vated carbons [34]. Table 3 shows the artrilion tesl
data of Van Wagenen e! al .

Van Wagen€n et al [34] reported very good l, utro
adsorption chafacterisrics lor creatinine Lrsing Wilco

T,b le  r .  q r . r  io r  rs r  u  '  d  L . r ,C  , . .o r . . .ed  I  I  ro  re r  a  e
the cxrbon grrnules []41

Carbonbra.d Mesh
r\venge Averac.

$eisbtlos, weisht Trials
g + I sD loss,g. lV

t2x 24 252
12 x 24 .r. t4
r2 x 24 r .5 l
12 \21 3.91
L2 x 24 4.55
12\24 1.42
t 2 \  2 1  |  r . 9 2

t  .3?

t2.6
15.7
17.65
19.85
22.15
17.10

10

9
9
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- deacetvlated carbon517 and Colunbia LCK (Fig. l ) .  Denl i  et  al  [ ] lJ l .
Wrlker [36] and oiher invest igarors found good
crcat inine clearances with ihe carbon ihey sclected.
Figufc 2 dcpicls lhe adsorption characr€risrics of un'
coated and oo{ted crrbon for nrolecules ofdi f ferent
sizc!,  showing thal  ior increasing molecular lveight
conpourds i t  is mainly di l lusion through the pol)-
me.ic coir t jng lhat decreases the cafbon s adsorpl ion
cap.rciry ll7l. Ii 200 g of carbon is used ai a flow rate
u l  1 0 0  n l /  n  , l e " - a r  c e  L i n  b e  T 1 i r -
taincd a! over 100 lnl / ln in for three hoxrs !21.

I  l -e,L |  .e murphL' lurJ ol  dr lTerin.  crrbon. t .  f :e.
markedly.  dependiDg mainl l  on Lhe lype of mater ial
r r  J  r l , .  u ' n  r r a  d J r r  .  r  J f  a . r i \ a .  o n .  s o m e .  " '
ntntioned previously. have iawer microparticles on
the sur lace iDi l i { l ly t l in otbers. Van wagenen et al
l l4 l  hrvc docunrenled tbis for a number of the pre'
! iously discussed carbons.

Thc tJni \ ,ersi t ] ,  ol  Stralhclyde gfoup [19, 36, 40]
chose {n errruded acl ivaled carbon becaus€ i t  !vould
halc a srnoolh surfitce, a more regular geometfy and
morc conLrol  in lhe formation of the macfoporc
struclufe. tsenzcnc dcsorplion and n]ercury poro-
simetry €xperime.ls were reported [40].  lnvest igxi ing
B,{C MU, a vefy sphef ical  aci ivated carbon ol  uni
form size rnd mininlal  impu. i ly n]anulactured by
\ 4 i . . .  b . .  r i  I r L J r n  t i u n a l  . u r p J r .  r i u - .  J . , f , r n e , e  n -
vest igr iors 146.171 found that in comparison 1t)  coco-
| |  , c . r e d c  r b o n .  r e . . e d .  r h J J ' u ' f r i "  r  . " f " r  )

especir l ly {or niddlc molccuh. weight compounds
wrs much higher for BAC-MU and ihe microparl ic lc
generation raie lvrs live times lo$er.

van wagenen €r  al  [ ]4l lbund that l le shape of lhe
major i ty of ihe l l1 icropart ic lcs was quite i rregular for
thc larger parl ic le sizes (>20p) and morc uni lbrmlt ,

Mol M
fiE. 2, A.k-ttbh.hatL.t.n!1i.t.[ Ln..at.d and..dted dea..t]:-
lakl taftu l.t , auk\ if,till.rcnt si..s [37].

e l l ipnr idal  in lhc case ol  snral ler part ic les. Figure l
r€presenls the prr l ic le size distr ibut ion ol  mrcro
part ic lcs genefated using Wiico 517 carbon when a
carbon/waler slurfy was agitaied and the solutron
llllered thfough a 0.22p Millipore filter. Almost 15%

100

A  2  4  6  I  l 0  1 2  1 , 1  1 6  r 8
Pariic e size ran9e, r,

Fis.3. Pattcl? ti.e disttihulion oJ ni.lopani.l.s Eereruted wh
t1/it.n t 17 .nrlon it aenal?d ih wa1?t []41
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Evaludtion and selectioh

ofall lhe icropa(iclcs are in rhe 2 io 3ri range,94olo
are in the I to 7p size range and less than 59o olall
the microparticles are larger than 10t. This does no1
necessarily relate to sizes genefaled during hemoper-
lusion, as lhe r| rill, l€s1 conditions are ditrer€nt.
Ci lchr ist  et  al  [9] feport€d thal rhe part iculaie gener-
ation with ihe 100 g Sirathclyde column was I par-
licle/5 nl, mainly in rhe 2 to 5p range. Denti er al
[38] r€porled lbat the release of parlicllare mauer
with uncoated carbon was a 8.6p9 before washing
and 3.8p9 after washing- Coated washed carbon
generaied 0.4irg. The amount of carbon was 125 g,
r h e  f l o q  r a r c  $ J s  5 0  n l  i r , n  r n d  l h e  r i m e  u a s , i \
hours. Using a coulter counter. Denti found thal the
microparticulales generaied came mainly from rhe
perfusion circuil and not from the coaled carbon.
Van Wagcncn, Coleman and Andrade [41] reported
sini lar fesul ls and found thal a column of wel l -
cieaned, strong activated carbon (200 g) perluscd at a
flow of 150 1(r 200 ml/nin for three hours g€nerated
200 to 500 pg carbon particles, in the I ro 2i! range.
Watson et al  [39] haveg.aphed the concenl.a! ion of2
and 5i1 particles leaving the wash fluid of rheir col-
umn as a l rnct ion of t ime. l t  is dimcul!  to compare
thc microparticle generation rates obrained f.om dil-
ferenl invesligatofs, as different rmounts of carbon,
differ€nt flow rates and different volumes ofperfusate
hav€ been used. The microparliclc g€nefation rate
should be erpressed in micrograms oI micfoparticl€s
g€neraled per gram of activaled carbon per houf p€r
ml of p€rfusale. The flow rare used should also b€
staied. It has been recommended rhat there should b€
no more than 1000 particles/ml at 2p or no more
rhan i00 particles/m] a1 5p for i.v. fluids [42, 43].
The nulnbef of microparticles genefated by carbon
hemoperlusion should be less than these varues.

Water extractable ions should be removed from
ihe carbon before hemoperfusion begins. As dilTerent
activated carbons use dillerent starling malerials.
e.g., peat, pelroleum and coconut, the ion con-
lamination ofthe carbons will vary widely. Smith and
Nephew have shown thal for their activatcd carbon,
although derivatives of copper are not extracted by
wale. or saline, lhese derivarives may be leachcd out
by plasmd or s€rum [39]- To remove wate.,extfact
abl€ maleri.rls, Denli, Giovanneui and Luboz 8l
employ€d the following washing technique:

(a) Wrsh in concentrated hydrochloric acid.
(r)  wash in boi l ing walcr unt i l  pH r ises to 6-6.5.
(.) Prolonsed wash ih deionized wat€r.

Dcnti et al concluded that acid washing is sufncienl
Ibr decrcasing the ion releas€ to safe levels Il8l.

Wilh regard to the polymer coating, a wide variety
of polynerjc materi.rls have been used by diFerent
invesligators. Many of the coatings do significanrty
decreJ:e rhe rrmber o rr ;cropurl ic les and i1c-ea.<
the blood compatibiliry and do not severely decrease
the adsorption capacity of the carbon.

A very sirong carbon may not requir€ a strong
coaling, whose function is !o r€duce microparlicles-
such a carbon requires only a blood-compatible coai-
ing. A wenk carbon requires a strong coaling 10 min-
imize f in€s producl ion and to act as a blood-uunpaF
iblc surface. l f  a thln pfotein coat ing, e.g..  albumin,
was uscd to encapsulale the carbon, rhe carbon se-
lected n1usl have an intrinsic 1ow microparticle gener

I l  cafbon hemoperlusion is used aculely as in drug
overdose, the concern ovcr micfoparticles and blood
compatibi l i ty may not be as gfeat as when carbon
henropcrlusion is used chronically as to treal chronic
urenria or hepat ic fai lure.

T h e  c J r b o l  r u l r  m n  , h o " l d  r J ! e  d  \ ( r )  l o s  p f i n -
ins volume and very low blood loss, especial ly i f
appl ied 10 uremic pat ients.  Ci lchr is i  €t  a l  l l9 l  re-
poded a 2 1l)  8 ml blood loss with a 500rnlwashback
through a 100-g carboD column rt an average flow
.atc of 150 ml/min The University of Slrathclyde
group [19] also lound a 30 to 4070 reduclion in plate-
tet lev€ls wilh coated carbon in preclinical eval-
ual ions, and in cl in icr l  evaluat ions no platelet drops
in excess of 25% of the inilial count were reported.
Valeet al  [25] feported a mean fal l in the pla!€let  level
ol  . l87o using 300 g ol  coated carbon (Smith and
Nephew Research, Ltd.) at a flow rate of 100 to 100
ml/min. Chang l5l  reported a posi-hemoperfusion
value of 91.8% i  11.8% usirg 300 g of albumin-
coated collodion'microencapsulared activated caf-
bon ar a flow rale of 150 ro 200 ml/min. And.ad€ ei
al U2l reported a 20 ro 50% plateler dfop in rhe firsr
hour ofperfuslon using aibumin-coated carbon and a
platelet drop ol20% or less in one hour of perlusion
using polyhydroxy€!hyl methacrylate coaled carbon.
Th€ platelel drop ibr uncoated carbon was 50 to 70%.
Denti oblained a 54% platelet drop after one hour
using 125 g of cellulose-coated carbon at a flo\,! rate
of50 ml/min in dogs (unpubl ished results).  Odaka ei
ai F6l reported a 20 to 3DEa piaielet drop and no
change in the white blood cell level using 90 g of
albumin/collodion-coated spherical carbon clinically-
No comparisons can be made between lbe platelel
drops reported by different investigators if diferent
lypes of animals were used in their experiments.
Roscnbaum, Ronquillo and Argyres llTl found ihat
the platclet drop that occurred during coaled-carbon
hemoperfusion was similar to the drop obrained
d r r i n g  c o n v e n r i o n a l  h e m o d i a l J s i i  r r e a r n e n l .

s-325



Care must be taken in srerilizing the carbon col,
umn. If autoclaving is used. the high lemperaturcs
(120"C) may cause slruclural  changes in the polymer
coaiing. Some coatings are auloclavable: othefs may
nol be. lf ethylene oxide is used, it will be adsorbed
onto the carbon, and i f the carbon has a high concen-
t.aiion ofchioride ion, ethylene chlorohydrin will be
fornred, $'hicb is toxic. Investigarions by Walker 136l
showed ihat il takes three 10 fouf wecks for d€sorp-
iion of erhylene chlorohydrin from coaled carbon. lf
the carbon has a low concentration of c]rlorid€ ion,
then the time required for desorption of ethylene
chlorohydrin will be less. Anolher melhod is radi-
ai ion st€r i l izat ion of act ivated carbon, al though no
\nork is available at present. Two pe.ceni fomal-
dehyde solution bas been used. but care must be
taken to ensufe thai it is complelely desorbed ll9l.
Activated carbon will adsorb gases from the alr or
impurities fiom water, and greal ca.€ nusl be 1ak€n
nr lhc slorage ofcafbon, the melhod ofwashing and
coat ing to ensure opt imal condi l ions.

Activated cafbon can adsorb pyrogens fronr con
laminaled disl i l lcd warer and iap wate..  To pfevenl
pyrogenic reaciions lion occurring, a sample offluid
I ionl  !hc out lct  of  rhe column should be submil led
tbr a pyrogen 1€s1. A1l the narerials used in the col-
umn conslrucl ion. carbon and coaring mater ial  nust
be nonloxic,  nonpyfog€nic and ster i l izable.

Conclusions
As ihe ditrerenr activated carbons vary in th€ir

properlies, i! h essential in hemop€rfusion that rhe
activaied carbons be propefly €valuated to selecr ihe
besr ones for use. The evalliation tests which were
discussed were for cleanliness. washability, attriiion
resistance. adsorption capacity, micropafticle gener-
alioD and ion elution. Scanning €lectron microscopy
can give Llselul data on the surface morphology ofthe
carbon- The polymeric coatings should be tcsted for
blood compalibilily and tcsts mad€ on th€ complete
device to ensure slerili!y, nontoxicitJr and non-
pyrogenrcriy.

Witco 517, Columbia LCK and No.i t  RBI are
carbons which appear salisfacrory for use in hemo-
perfusion pfovided thai the appropriate handllng and
prepdration is used. Oiher acrivated carbons may be
used as long as they are thoroughly washed and rhe
mic.oparticle generalion rale is less than the limits set
lbr i.v. fluids. lfcarbon hemoperfusion is used chron,
ical ly as an assist  to treai  chronic uremia, concern
over the microparlicle generation rate, blood loss and
blood compalibility will be greater than if ca.bon
h e n . f ( , l J ' i o r  i ,  u ' c d  d c L L e l )  . o  l r e r t  p o i \ o  r i 1 g .

The seleclion ol the oafbon io be used is only one
ol lhe aspects ofcarbon hemoperfusion ihat must be

evaluated; others include column design, flow .ares
ano pressure orops.

The aclivated carbons used in dialysate regenera-
tion could have higher adsorption capacitres and
hence a bigher lnicroparticle generation ra1e, as they
are not coming into direct contaci with blood.

Ackno{ledgnents
The work has bc€n supported in part by Uniied

States Public Health Service, Nalional Institute of
Arthritis, Melabolism and Digestive Diseases, A|ti-
licial Kidney-Ch.onic Uremia Pfogram, contract
numbcr PH-43-68-1026, and by the Universi ty ol
U1ah. Division of Arlificlal Organs Dev€lopnenl
fund, 10 which generous conlr ibul ions have been
made by Mr. David Rose.

Reptint rcqu.ls b Dt. Jahn M. walker,Institutefot Bi.hediut
Ensine?tins, UniDe^n! .l Utah, Salt Lake CitJ', Utah 811t2.
u.s.,1.

References

r. Smisck M. Cerny S: ActiDe Carbon New York, Ehevier
Publishing Company. 1970

2. Weber WJ, Motrh JC: Kinetics oiadsorplion on clrlron lrom
solulions. Pro.,,lu,t,. CiDt tra 89:11-59, 196:l

I Dcdrick RL- Becknr.n RBr Kinetics ol adsorytion by acti
lated .afbo. from dilute aqueous solution. ai.?, E s Pr.sr
. t lap  Se.74 ,61 :68  78 .  1968

4 Hoh LE, Holz PH: The blick boLlle. J Pedtarl 6l::106 :114,
l96 l

j. YnLzidis H: A convenienr hemoperfusion nicro-appararus
ovcrchlrcoal lor the t.eatnent olendosenous and exoBenous
i.1.xicarions. ILs use rs an ellective a.tiliial kidney. Pr,. r,.
Diat lta"spl Asac t:81 U, 1964

6 Yatzidn H: ircatneDl ofsevoo barbilurate poiso.ing. tar.?r
2 :216,  1965

7. Dunea G, KolF WJr Clinical experiencc qnh the Yatzidk
anilici,l kid.ev. Ttanr An Sot ArliJ latem Orsans
11r178-182,  l t65

ll. H agsunr K E, Lusso. LE Thrsell Hr ErperineDtal studres on
chlrcoal hlenoperlusion in phenobarbital intoricauon and
urcniia including histopalhological hndings. ,.{.'a M?l S.anr'

9. Haestani KL, L!$son LE. Thtscll H: Charcoal deposition rn
inlernul or8ans rfter haemoperfusio. rvith dre Yatzidh tccli
niqu€ in nbbits. Proc Ew Dial Trunsrl Asa(. 3:352

10.  AndrJe  JD,  Kun i rono K,  V ln  Wagenen R,  Ka l ig i r  B ,
Coush D, Kolll WJr Coated adsorbenh for dned blood peF
rusion: Hedn/acLivated cnbon. Trcns ,4n Sa. ArtiJ lntem
Orsun! t7:222 228, t91l

l l .  Andodc. lD .  Kopp K,  vdn w igenen R,  Chen C,  Ko l l l  wJ :
Aclivarcd crrbon and blood pertusionr A cilicll review. P.,.
Eu. Dial rrahr?l Atsoc 9:290 101, 1912

l2. Andrade J D. van wagcncn R. Chen C, Ghalanian M , Voldcr
JGR, Kirkhan R. Kolfr WJ: Coated adsorbents lor direcl
brood pcnusio. ll. T.ars Ath Sac Attd Iatern Orsans
18:4?3-481, 1972

l l .  w i l l son  RA,  w inrh  J ,  Thompso.  RPH,  w i l l i ans  R:  Rap id
It
IIr



Enl@tion and sel?cti.noJ a.titukd tafiaa s-327

removal of paracetamol by haemoperiusion lhrouFh coaled
ehatc .x l .  Lan.e t  1 :11  19 .  1911

l4 Chdng TMS: (1966-1969) Rcfc to rcfcrences i. ret l5
15. Chans TMS: Ahfrial Cells. SprinEfield. Illinois, Thomas.

1912
16.  Yr tz id is  H,  Ps inenosC,S!dou l ld is  DM:  Nond ia ly2ab le to r ic

factor in uraemic blood efectiveLy removed by activated chaF
cotl. Erpeihenti. 21 | 111, 1969

l?. Roscnbauh JL. Ro.qurllo E, Arey.es SN Column henroper
fusion und hemodi.lysh techniques to fteat barbiturate i.-
toxicarion rn dogs J,,r/6 tnrr€in MedCentet 16:61-11.1964

18.  Denr iE ,  G iov lnner l iS ,  Luboz  MP:  Adsorp t io i  rechn iques for
tbe artiricialsubstitution oi fen tl trn.ti.trs, tn Ptuc 2hd Bheng
Cdrl Milano, Italy, Nov, 20, 1973, to be publhhed

19. Gilchrnt T, Johnsson E, Mafiin AM, Naucler L, Caneron A:
Developnent oa the Sbathclyde h,enolrcrflsion systefr. Ln
Aailcial LiLet Suppan, ed\led by willians R, Muiray-Lyon
l [1 .  London.  P i tnan Mcd ica l ,  I9?5,  pp .  ]19  r28

20 Fenn imors . r .  Munro  GD I  Des ien  prob lems,  rn ,4d , t . id l
arr.f lrpl,r, ediled br Willia'ns R, Muhat-L!oD lM, Lon-
don,  Pr tna .  Med ica l ,  1975.  pp . : l l0  l l6

2l Colenian DL, Andrade lD: Plareler rei.nrion ol aLbuninired
eLas beuds atr.,/,ri,, 50 Guptl l) Absh lll8. l9?.1

2 l  M! io i  R ,$LnchesterJ :  Remova l  o f  paraquat  f rom b lood by
hrcnop. . run .n  .v j  sorben l  mater i l l s .  ! r  rv .d , /  l :181-282.
t9 l5

ll \\id.h.ner Jlr, hdwfds RO. T,\lonc WJ. $ildcock BC:
Aclivaled chrrcorl haemoperlusion a.d experimental rcetx-
niinophen poisoniirg T.ri..l )tpl Phathlr.rl ll:20 17.
t975

2,1  v l l cJA.  Re.s  AJ .  w iddop B.  Cou ldrne  Rr  Useo l  cha . lox l
haemopcrlusbn ln rhc nlnagemenL ol s.verel! porsooed
pr t ieDts .  r r t .1 . /  l :5  9 ,  l9?5

25.  Vr lc  JA.  Rces  AJ .  Widdop B.  Cou id ing  R:  The use o lcharco t r l
hdeDoper lus lon  ln  rhc  ndn,g . . rcn1  o l  severc ly  Dor \oned
rrrienl\. rn ,4r',y'.ial /-irer S,#o/r edited br wilLianis R.
N lu  t  L ! .d  lM.  L .ndon.  P i lman Med ica l .  197t .  pp .
:li:-lil

26. A.drdde JD, Colemrn Dl . Knn SlV. I cn17 DJ: The codling ol
acliv!(ed c!rbons inr optimal blood compxtibility. in,1/rir.r1
rni?r .t,,'r,rr cdr!ed br willi!nrs R. Muray-Lron Iitl. Lon-
dor .  Pr t . i rn  \ ' l edLca l ,  l9 r i .  pp .84  9 :

27  Chane TVS B iocomp! .b le  mic roencxpsu la ted  koded)d i r -
r.!l lnr hr..r.p.rJusonr rn patrerts, rr Arti tial Lir Su!-
lrlr, edned br \Villixnr R, lVuirar- Lton I\1, London. Prl
mnn Med icn l .  1975.  pp  91  102

:8 .  Abouna C i t1 .  C i l chrhr  T .  P . t ln .JF .  BoJ-d  ND.  Todd JK.
Counn. l  J )1 .  Ma i . i  R :  I laernoper fus ioD r l th  acr ivarcd  ch ! r
..al ,. trcdlncnl o erperiorental acute betaric faiLLrc. i.
,1lifrid! Liter Sutprrt, eal\ed br willilnN R. Nluray-Lyoi
lM,  London,  P i tman Mcd ic r l .  1975.  pp  180 l8 , l

:9  Cazud BC.  wes lon  MJ.  Mur l r  Lyon lM,  Record  CO.
\\illiaJns R Lxpe.ience at Klne\ colLege wilh .harcoal
haemope.lusion-overall renrhs nr l7 Falients. in ,.1/rf.u/
h.f s,ppdrr, edited b) willianN R, Muray Lyon lM. Lon
do. .  Pnf ran  Mcd ic r l ,  l9?5 .  tp .2 l l  14 l

10. Crce.brum MA, Cordon A A re-leneratile diaiyrs supply
syiem. DulrJis l/a"ryld,r lrl8. 1972

11.  S tephe.  RL.  J lcobscn SC.  A tk in -Thor  E ,  Ko lF  WJ:  Por t -
ab le /wer rab lc  a t l i . ia l  k idney  (wAK)- in i t ia l  eva lua t ion .
Ptoc Er. Dtal Transpl Assoc t 211975. in pres

12.  Sparks  RE,  Mason NS,  L i t t  MH,  Meier  PM,  L indan O:  Re-
movalor u.emic wane netabolites irom the intestinaltracr b)
encrpsulated crrbon and oridised\tdtch. Trans Ad Sa. A if
Iatern Oryans 17:229 235. 197]l

ll. Daker wJ, Combs HF. Corby DC: Adsorption ofdrugs and
potons by activated charcoal. Ta\i..|Altl Phathacal l):454.

:14 van wasene. RA, Steggall M Len? DJ. Andrade JDr Acti
valed carbons Inr nedical applicationsi /, ,tr, microparticle
characterizllon and solute adsatprio^. Diarnat Med DeDA il
O/9,,r l(l):l l9 164, 1975

l5 Merill JP: T.eatmenr ofdfug inloxic!tion by hemoperfusion.
N Ensl J Med )81:9|, 1911

16 Walker JM' Evaluation oI carbon haenroperlusion and urea
rcmoval syslems. Ph D. Thesh, Unlv.6irr of Strathclyd€.

l7 Denti E, Luboz MP, Tesore v: Adsorplioo chlrrcteristics oi
callulosc acerare coated char.oal\ J Rio"red Matet R.t

l8  Dent i  E ,  Luboz  MP.  lesorc  V-  ( :anrno  F .  Cae lLa  PI i
Adsorbens i. hcnoterlusion Ktd'iet /nr 7:5401 5405. 1975

l9  $a lson PA,  KoLrhamm.r  JC.  wenern  NJ.  $ar ren  R Safer r
evrluarion. rn ,l/r't.idl ti../ -t,l?,.r, cdilcd by $rllirms R.
Mut ra !  L j - . .  lV ,  I  ondon.  PL lo ran  l t l cd lca l .  L9?5.  p t

,10  Canre fon  A Codfu t l  lN l .  C i l chrn  T .  N lcDo$e l l  J ,  w ! lk4
JM. The selectro. and use oi a.tivarcd .lrbon 1o trcnl kidnev
d\clscs and dr!8 overdose. i. Sd. Chon lhd,41h L.ndo.
Intetnat Carban dhd Grd?hn. Cn,r, 197.1. 1. be published

4 l  Vrn  Wrgenen R.  Co len ian  DL,  A .dr ldc  lD :  Adsorbeot
hc.rotd.r!non: nonbnrlosicxl pxiticrlxte .r!rret Kilner Inl

42  Ve$e]  l .  KendaL l  Ch,  Pcrers  FE:  Pa{ rcu la tc  mat te r  io  in .
t r rvenous f lu rds . ,V .1" r ,16r  l l9 r  1 ! ,1 .  1966

4i BntLh Phorno.opaeia: Lnnil rest for pa.liculaie nrnc.. Ap
pendrx  X ! lC  A L l l ,  l9 l l

,1,1 Du.LoF Lll, L,ngL.! PC: Column desi-qn lnr !dsorbent svs
rem! lnd the efle.r on nr* lttnslet. tn atiltial Lxet Sup-
r r r l  .d i ' .d  b r -  \ | ' i l l i ams R.  Munr ! -L !o0  l \1 .  LDndon.  P i l
nan Mcd i . !1 .  l9? , r .  Fp  .110 l l8

.15 .  Chan-e  TMS.  Miechehon M,  C.dc l  JF .  Surk  A :  Serum
friddle frolecule levels in urenilx dr.iDg lone rcnn lnternllLenl
bc f lo t . r lu !on \  s r lh  the  ACAC (coared char .oa l )  'n l . .o
.apsulc iiilri.ial krdney. Tra$ A Sa. A if Int.m orydht
20::164-:171, 197,1

, t6 .  Od lka  M.  H i rosa$d H TrbaL!  Y .  Kobay lsh i  H ,  Sona V
Nonurd  Y.  Sr ro  l l .  Nrbe la  Kr  HenoFr lus lon  u t i l r / ing
c.arcd lclival€d carbons. in Ptu. Anil aryahs Cat1f.'t.k!o.
1975.  vo l  ,1 ,  A5r .  1o  be  rubhhed

,1r   Jna .o  l ,  Knno K.  O.o  S.  Sus i rx inx  3 .  Sh i ta j i  T .  Sano A.
Nlanji-1. Nlaeda K, Ou K: Bnsc invesligntion on adsorptLvrt!
ol coated activated .rrb..\. i. P.,z Alil Arsans Conl,
ToL lo .  1975,  lo l .4 ,  A56.  lo  bc  pub lnhed


