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During the last nine years, hzmope fusion activatec bor
. has besn used both as an adjunct to conventional T dialysis | as
1
a treatment for severe, acute poisoning Cases Yatzidis (196%) did
| 1 - s ' . 1 . [ 7 1 ~ . N
the pioneering work in applying charcoal nhemoperiusion to p: ts
, > ! (3 . Tl N
with chronic renal failure. ) His perfusion apparatus consisied o1

Figure 2. A scanning electron micro N
porous structure at the s ;T§ the apparatus was slowly returned 1o the patient. The duration o
activated carbon particle '
(center) pr:babTy'gengrgt these early clinical hemoperfusions ranged from 30 to 90 minutes and
process can be seen as wel : 3
surface fissures (upper 1 : 2 blood flow rates through the circuit varied from 150 ml/min to 300 ml/min
corners). Scale: 1 cm= % ’
5 Yatzidis reported that at the beginning of 2 emoperfusion over charcozl,

o

plasma creatinine, uric acid, indican, phenalic compounds ind gu

bases were almost totally removed from the blood whi

the charcoal column. He also reported that clinical hemopertus

removed negligible quantities of urea, magnesium, suliates
potassium, calcium, and water.
From a comparison between charcoal h snerfusion and hemodialys

P perfusion of two or three charcoal columns was about as efficient as
B
.
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ATIan® 1 L > g1 1 ] ,-': o ~amtn 1
a conventional hemodialysis of four to six hours durat on. The 3 MR kidney systam e molecules Would DE TEmON .
- ‘.. ‘ L - e "
cady = o i il 3 ¢ b i g 3 ; g y 2 iras and lectrolvies
disadvantages associated with hemoperfusicn wers limited to high 1 : adsorption on the activated carbo ile SO TSR AREE. B ACELIN
~ 4 1: s
} =40 3 lnean 1 - . . 0 tamndi y e The mare efticiznt
neparin dosage TEJE{SJ significant platelet drops. Ffluctuating o % 3 would be removed using a membrane hemodial yzer. I ne more e 1 C
e L . § U i | i s ¥
o % AR
cell levels, drops in plasma fibrinogen, and the occurrence BEE el aoh ¥ removal of middle and high molecular ejght compounds may P il /
gen, urrence o 2 4 e
! . - Al
pyrogenic reacticns. Plasma hemogiubin and hematocrit rema i .i cut down on dialysis times or even reduce the number of dialysis
orm z e £ il , i P =y i | . als 3 w1l d [ v ] a cost
normal and in spite of the abovz limitations, the hemoperfusions i sessions required per weaek. This ’
9 ‘
usually resulted in an immediate improvement in the patient's censral 4 . but it would also cut the time required each weex TOr CIdLysis.
CDﬂdit'IOﬂ. z‘ f\h?the"‘ aSDECt O: :J]::]_! pertusion O j2 activdied Chdiitoa | §= !
DU 35 d -C"'(q’) : y % » -s- 5 ' + L] anl 1-"—'-—-,-:-"‘-.1.:) NUNTS O barpituracas
nea and Kolff reported on preliminary clinical expzrience A ability of carbon to adsorb consicderacle amounts al
xparience : g e
+3715 714 : e . ¥ i Cpids s SRl e e S e ddtiel Ban) iado THES
utilizing charcoal hemoperfusion to treat three uremic patients i salicvlates, and glutethimide from pi 2 i ?
c patients. ; N 7y
' ] 1)
] - . 1} " L F LI — 2 paa e polson nG " .
Their perfusion apparatus and technique was similar to that renarted 1 finding to several patients with severe barbiturate poisoning
! L tical LO L r2portLte W =
~ 7 usly by PR (3} -1 = . Tiilnca acetate to raduce the blocd
previously by Yatzidis. Tne clinical clearanca data for creatinine 2 He coated the carbon with cellulosz acetate to uce the blo
i LS i B V1 HsS =’ I’j\l
b . r i A 2 s ot s S R End triats.®
and uric acid was promising. There were no sianificant ch= Py x damage which was so prevalent in the earlie clinical triais.
S ~SHL O S 3
d £ ; - it d : g . T S e T n cacrgasin Lne
blood urea, serum phosphorus, serum electrolytes or white coll count ¥ Several short-term hemoperfusions were errective 1n CEcredsin
¥ ol . Lo ok andi+tion of tha patients
No pyrogenic reactions were observed. The carbon used had a Jaw ac! = plasma barbiturate levels and the general conditicn ov the pa
a low asi (6) s
tent and was was in ej - : ttenaere' " aluated the adsorption capacity
content and was washed in eight liters of physiological s > improved considerably. DeMytienaere i el i ' |
e . - , g (Aawidon (YY) both in vitro and
pPertusion. The only apparent disadvantages associated r the hamo of activated carbon for glutethimide (Doriden {3/} both in ¥
perfusions were a significant decreas2 in platelets ard blaagd ln<-s in vivo, utilizing dogs. He found charcoal nhemoRerTUSIL Lot
4 : - P = . : 1o artr o2 d. Sanm hiand and suggsast
in the column resulting from carbon packing and caki vihich made effective method of removing glutethimide Trom DICOC and SEZLESLL
T S SRS L ~ L +31i73inag fresh carbon may be necassary
complete retransfusion difficult. Because of th= low 3dsorpt i that repeated hemoperfusions utilizing Tresa Card - i i
LoVl P L o -
- * & £ 3 o " 1 - L ellvttenaere oportad that n vivo
capacity ot carbon for urea, Dunea and Kolff concluded that chaveoal for clinical poisoning treatments. Deilyttenaere
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well what d1a1yals does poorly. For instance, it seems auite f2asih for hemodialysis utilizing agueous or

to comdina charcoal hemoperfusion and hemodialvsis intm a cinala = . " £ harhiturate remov vy conventional hemodialysis, hemoperiusion

perfusion and hemodialys T DT PR of barbiturate removal Dy
> INT singie artificial - s,
. hamanerfusion over coated and uncoated
over an anion exchange resin and hemoperiusion over coate
-6~ -




activated carbon was conducted by Rosenbaum, et al. in 1652 /) ..
found charcoal heroperficinn + Ba CliDaY inw nwrme e dds o4 : - 1 I : L 1ts #3] figme NSO
ound narco __l_“_up‘” fusion to bz suDerio: over henmodialyedce e F‘nr‘ﬁn | v i Bals B rann 1 Y i Y= ) § I S10nNs
i : ) - odialy S 2 3 LR = R TN s | Y 1Go i ' e -~ = - '
1 5 = 3
vV irna - -~ - -— -~ ™ T =tra] - u = = al L \ 4 . e ' I
anion excnange resin perrtusion for the removal of barbiturate trom blon conductead albumin-colloldion activataa
- o + - v ~ T 11 AN = CO 1o

hypotension and reduction of platelets and white blood cells. Histo that the ACAC artificial kidney system is safe and ective 7or t

pathological tissue samples from dogs previously subjected to hemonerfusir management of patients with chronic renmal failure i

showed charcoal emboli in the Tungs and other viscera Chang has also evaiuted his albumin-coated, colloidion active
During the last three years, extens] search on hemopzrifusior carbon in terms of exogenous toxin adsorptio hesmHERl jard saiic

over activated carbon has been conducted by two groups. The first have been studied and removal from blood via hemoperfusions utili

group under the direction of Dr. T. M. S. Chang in Montreal has annlied dogs seems to be efficient enough to revive the animals after admi

charcoal hemoperfusion on a large scale to the maintenance of cat ants stration of a fatal dose of the exogenous poisen 1) quite recent

suffering from chronic renal fajlure Chang the conceot of Chang reported that the ACAC artificial ki (Lol ale sl

‘artificial cells' and the application of microencapsulation technolog SIRaLIse LIl Acte glutesnilde dtonioRtigl 2 i

to medical problems (8-10) In the last six years, Chang, et al. * e resulted in a marked reduction of blood glutethimide, and tha patie

¥ "
1

nical hemoperfusions. Chang has demonstrated that 300 aram- o

—
-y

C

activated carbon coated with albumin-coated colloidion manbranss )
can remove creatinine and uric acid as efrectively as a coil artificial
kidnay and more erficiently than a plate-type or can ary-tyas
hemodialyzer.{1]) Chang alsc reports that with proper caroon co2ting
washing and sterilization prior to hemonerf $ion no pyrogenic raact
occur and no carbon enboli will escape from the apparatus (10, T
présence of the albumin-coated colloidion mzmbranz ent nces ¢ C
tolerability of the carbon resulting in only a small droo in bloo
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vuring ctna last two Yy ne i 2 145 b L 2 {u.:L,L) ’ s tne int 3 {. ptein adsar AT
i
ors s i and cantartta ~E - FI i e . B — 1 =1 p P . e i >
has been directed toward selection ot tThe optimu rade card anc - platelet ) Frad e T ~ -
j i ! 1 =
q

1ts 7or tne . : hydrogel chosen for coating was

coating material which will give the bes hemoparfusion results vor tnhe
gl :
solutes of interest (creatinine, uric acid, salicylates, barbiturates, i (polyHEMA), also call Hydron-S Much of the emphasis durir ear

etc.). Evaluations of most commercially available activatad carbons . research was oriented toward evaluation of various hydrogal coatings
as well as some specialty grades of carbon have besn conductsc for j.:_ g and circuit designs.(16} The evaluations were primarily 1 itro
initial carbon cleanliness (presence of microparticles which could e{.{ ; . stirred batch adsorption sutdies using radiolabeled creatinine and
become emboli during hemoperfusion,;, carbon wasnhe nd sistance ! i 1 _ uric acid and in vivo perfusions utilizing sheep and da;5.1]5‘ 18)

to fragmentation.''’’ In vitro adsorption evaluations for endagesnous 1 We found that a combination of proper heparin doses and polyHEia

g g
and exogenous toxins are conducted on activ tad carbor ic - . coatings prevented fibrin buildup, platelet sticking, and subsz=quent
e o L - A =le P , S SRR G R T i 3 ] £ L Aapmma s (]6: ]8) Tl = 3 s e od = 1
promising cleanliness and also as an evaluation twest 710 . : clot TOormacion. iN1s 1n turn prevenced Carbdin peacx
of polyHEMA coatings. ! § resultant blood channeling during perfusion. The dacrease in biond
B 3 i .
An ingenious method of encapsulating activated carbon particles channaling exposed the blood to more activatad carbeon surface, rasulting
is being developad by the group at Southern Institute. The ¥ Ew in an optimal adsorption capacity for the total amount of care n tha ci
§ ~ : F’.'. Tk H o 7 ~nE ' = 1 ' |
are producing polymer fibers loaded with activated carbon particies i The direction of our research cna during tne s2cond yeer wie
$
The fibers are then wound on a spoal and packed in a cartridgs for bloc % vie realized that the major problem remaining was the possibility of
perfusion (24) : microemboli generation during hesmoperfusion. Initial in vitro evalua-
z = J : 4 o =4 {~ &
The results of clinical hemopariusio ~eported by Chang ¢ tions showed that some carbons wers cleaner and more resistant o
and the optimization of carbon selaction, ning, hvdrogel coztiing, 4 fragmentation than others and also that various brands e¢f carben could

: ‘ ' . ! (O ) . R .
and in vitro/in vivo evaluations carried out in our laboraforiss and be washed cleaner than other brands.' ~° In vivo animal experinents
elsewhere are promising. Hemoperfusion over thorougnly characierized, were continued and substantiated the in vitre stirred batch adsorptic
washed and coatad activated carbon deserves serious consideration as studies with creatinine, uric acid and salicylate found c 2
2 possible adjunct to chronic hemodialysis and as a mathod for the properly and thoroughly washed cart hich is then encapsula
C +a3 :’d = ~T1a T i Ul S o e - \ 1 i AT r
ontained In a SIngle compartment cartridge | 2 ! :

extracorporeal treatment of severe acute poisoning.

q it " el " e & e " £anrd3y 41 . Lot & , 1 . V&=
One of the limitations to miniaturization of tne memdran2-iyo2 findings for thoroughly washed alo -colloidion activate r
artificial kidney is the extremely large volumz of dialysate Tluid




s g L7 430 o e % S, : ernl
T LI e , : L A % Ideally, a wearable artifical kidney would n2 be small,
enhances the feasibility of a wearable artificial kidney. S | g i o
RS " e 5 L light waight and simple to operate and power
tities of charcoal are sufficient for the rao al of creatinin2 and o 1ignt in i e - ' '
acid but for adequate urea removal by & ption, 2 40 times
] = 5 S , ) 1 Summary
much activated carbon would be raguired ) s dety s S
would De require s D Lo g wie b Activated carbon has a large cap
limitations of a wearable artificial kidney back into the picture lood
icial kidney back into the picture. i | geneous waste products from blood or
A commercial approach to dialy neratic s the f 1 : = araa surface ~oa iny of problams
; rl- h -é porosity and resulting large surtace rea AT PO Sl
[5-
D A2 52 : entn Y clisiiaa A g oo g - . i
(Recirculating Dialysate) system. The ochjective of this svstem i i o ; wv-fiieiogn attemnts havs ovarcome
3 : L Shadias 0 ARG 3 b associated with early clinical hemoperiusion aiiowd -
. T A o ok et I e e el O T e i . At 5 Bl | B 3
is to utilize an appropriate combination of adsorbents to regenerate | by proper washing and by coating the granular activatec cerbon
a small volume of dialysate which is then recirculated through the U | . A3 e pa a4 osovonabitity. The added mechanical
o 3 ' e e SR W polymeric materials to improve biood LOI€re P11ty Ine acde scnanical
artificial kidney. A combination of activated carbon, zirconium S | ! ~Ten holne nyavent > Tra n-
=i 2 il M SV e R I A v strength due to the polymeric cocatings aiso nelps prevent & £
e i
hosphate, zirconium oxide and ureasa all containad in a cinale Aicnncahl - s A : : R ivo anina i S
p ! 3 on 0 dNd ureassa EJ cContaingd 1n a sIngie G 1SpP0sS3abDi 2 " _ta.t]'on and er.‘gth&t‘:Gﬂ repgrted n G'.‘.T‘l-}" in vivo ani .-'i.l e .
uig
cartridge effect the removal of waste matabhnlites fram +ha hlnand T dag . s 2] ~ave b ~enortad Activatac
5 TLESIGSRE YRS N TR SS90 LES T TON Lhe D1o0a. . The : - A number of successful clinical trials have been reporisc. ACvivatsd
sorbant system operates on the principles of jon exchangs and nhvsical e i =2 . . . 1yeate regeneration schemes In
¥ g TR e ST MRS YL, SRR PIOIRER 3§ £ carbon also finds application in dialysate regeneration schemes. 10
adsorption. ialvsate from the =L T R R R TR A M R T e Wi S bR I £ ) L, A = Junetn
pl.. on Di -[_'."DGL_, Irom the artiticial Kidn Yy enters the sorbant & ‘a b tht': futu:,,._ -i-t ﬂay sgrve as a ‘,"a]'.‘.?;t_:‘:f sorpent TOr remndVival oT 5 L
[ 1 :
pack and urea i onverted to ammoaium San and hicarhanas P mu : : 7 . . f e ;3 Anove 1+ “¢ 1co
s ; 1S converted to ammenium jon and bicarbonate. = SEnaniu, & ; metabolites in minjaturized wearable artificial kidneys. 1t is aiso
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Activated Carbons for Medical Applications.

In vitro Microparticle Characterization and
Solute Adsorption

R. A. VAN WAGENEN, Ph.D., M. STEGGALL, M.S.,
D. J. LENTZ, Ph.D., and J. D. ANDRADE, * Ph.D.

Department of Materialg Science and Engineering and
Institute for Biomedical Engineering

University of Utah

Salt Lake City, Utah 84112

ABSTRACT

Activated carbon is a high surface area adsorbent. Its
ability to adsorb nitrogenous metabolic wastes and exo-
genous poisons from blood has been well documented.
Polymeric coatings on activated carbon enhance its bio-
tolerability and make it feasible for use in hemoperfusion
devices. The only drawback seems to be the presence of
microparticles on the carbon surface. These particles
may become emboli during hemoperfusion,

This paper describes a series of in vitro tests used to
evaluate many commercially available granular and pel-
letized activated carbons. The tests were as follows:

1) creatinine adsorption capacity and kineties, 2) initial
cleanliness, 3) washability, 4) attrition resistance, and

5) carbon particle surface morphology.

*To whom correspondence concerning this paper should be
addressed.

319

Copyright © 1976 by Marcel Dekker, Inc. All Rights Reserved. Neither this work nor any part
may be reproduced or transmitted in any form or by any means, electronic or mechanical, including
photocopying, microfilming, and recarding, or by any information storage and retrieval system,
without permission in writing from the publisher,

/Mﬁa??{

364 VAN WAGENEN ET AL.

[19] T. M. S. Chang, J. F. Coffey, P. Barre, A, Gonda, J H. ]?1rks,
M. Levy, and C. Lister, "Microcapsule Arhf}ma.l K1'c‘1ney.
Treatment of Patients with Acute Drug Intoxication,” Can.

‘ c. J., 108, 429 (1973).

[20] 'l;‘d.e:{.%s.sghangj T F. Coffey, C. Lister, E. Taroy, and
A, Stark, "Methaqualone, Methyprylon, and .G%utetl.mnldt-a
Clearance by the ACAC Microcapsule Artif1_claI‘K1dney.

In vitro and in Patients with Acute(Illét'?;)icatlon,' Trans.
er. Soc, Art. Int. Org., 19, 817, s ,

[21] ?‘ﬁal Report on Contract #PH—43—687 1027, U.S. Pu‘phc .Hea*lth
Service, National Institute of Arthritis and Metabolic Diseases,
Artificial Kidney-Chronic Uraemia Program, W. J. Kolff!

inci Investigator, March 1973. .

[22] II;TLE?IIgzlgstam, E E. ,Larsson, and H. Thysell, “E_:xperlmeptal‘
Studies on Charcoal Hemoperfusion in Phenobarblf:'a! Intoxication
and Uremia, Including Histopathological Findings,' Acta Med.

d., 180, 593 (1966).

[23] gcaél Andrafde, K. Kopp, R. Van Wagenen, C Chen, and W. J.
Kolff, "Activated Carbon and Blood Perfusion: A Critical
Review,' Proc. Eur. Dial. Transplant Assor:'., 9, 290 (1972).

[24] J. P. Merrill, "Treatment of Drug Intoxication by Hemo-
perfusion," New Eng. J. Med., 284, 9.11 (1971). s

[25] Basic Concepts of Adsorption on Activated Carbon (a brog ure),

' Pittsburgh Activated Carbon Division of Calgon Corporation,
subsidiary of Merck & Co., Inc., Calgon Center, Box 1346,

ittsburgh, Pennsylvania 15230. -

[26] glt];i)m;ier, P. H?Emmett, and E. Teller, "Adsorption of

- Gases in Multimolecular Layers," J. Amer. Chem. Soc., 60,

309 (1938).

Received by editor August 27, 1974

Note Added in Proof

Two recent international congresses have fiiscussed activategi :
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One grade of activated carbon has been chosen for hemo-
perfusion studies on the basis of the above evaluations.
The nature of the microparticles and the approach used
to remove them from this carbon is described.

I. BACKGROUND

During the last decade granular activated carbon has been utilized
in a number of applications far removed from its intended commer-
cial uses. As a result, problems which would not normally be present
in conventional activated carbon applications may develop. Not only
do unexpected technical difficulties often arise as a result of using a
particular carbon, but problems asgsociated with evaluation and
characterization of candidate carbons for a particular application
can develop. Sometimes these problems are not fully appreciated
or even worse are completely overlooked in picking a particular
kind of activated carbon for a unique specialty application. A case
in point is the use of activated carbon in the treatment of endogenous
and exogenous poisoning cases.

A technique of perfusing blood over granular activated carbon to
remove endogenous waste products and exogenous poisons has been
developed over the past decade. Yatzidis did the pioneering work in
applying charcoal hemoperfusion to the treatment of chronic renal
failure [1]. Yatzidis found that carbon could adsorb considerable
amounts of plasma creatinine, uric acid, indican, phenolic com-
pounds, guanidine bases, and organic acids. He reported that a
60-min hemoperfusion through several columns containing 200 g
of activated ecarbon had about the same efficiency as a conventional
hemodialysis of 4 to 6 hr duration [1]. Dunea and Kolff employed
a hemoperfusion system comparable to that used by Yatzidis [2].
The results of 18 preliminary clinical hemoperfusions showed
promising removals of serum creatinine and uric acid. There
were no significant changes in blood urea, serum phosphorus, or
serum electrolytes. They observed no pyrogenic reactions, although
Yatzidis had. They confirmed Yatzidis' findings in regard to signifi-
cant destruction of formed blood elements, particularly platelets.
Because of the limited adsorption capacity of carbon for urea, water,
and electrolytes, Dunea and Kolff concluded that "eharcoal perfusion
may be a useful adjunct to hemodialysis since it can do well what
dialysis does poorly" [2].

During the last 5 years, extensive research on activated carbon

hemoperfusion has been conducted by several groups. The research
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group headed by Dr. T. M. S. Chang in Montreal has done extensive

researc_:h. a}nd development work on clinical charcoal hemoperfusion

Chang initiated the concept of "artificial cells' and the application \

of microencapsulation technology to medical problems [3-5]. Chan

‘?t al. [6, 7] followed Yatzidis' approach to charcoal he-rrJLcnperfusiong

in that they utilized activated carbon coated with a polymer mem-

brane (heparin-complexed collodion) and showed that this enhanced

the blood tolerability significantly over that of uncoated activated

carbon. Chang et al. were the first to apply hemoperfusion over

charcoal coated with adsorbed albumin collodion membranes to

treat a number of patients suffering from chronic uremia [8]

They have shown that the presence of the membrane not only X

reduces damage to the formed blood elements, but also the

mechanical strength provided by the complete el;capsulation of

the 'carbon granules significantly reduces fine particle generation

dyr_'mg hemoperfusion [8, 9]. The coating does not seem to sig-

nificantly compromise the adsorptive capacity of the activatedg

carbon. In fact, Chang's results with clinical hemoperfusions

seem to indicate that creatinine, uric acid, and guanidine can be

removed from uremic patients with efficiencies comparable to

?r greater than conventional hemodialysis [9, 10]. In several

1ns'tances, charcoal hemoperfusion supplemented by conventional

co:il 'hemoclialysis has reduced the total dialysis time per week

and in so i i

i pat?;i tc?lsiajs. dramatically improved the general well being
Our initial objectives were to solve several problems which

wgre prl-eventing the charcoal hemoperfusion concept from

being widely accepted as a safe, cheap, and efficient supplement

to conv‘entional hemodialysis. A marked decrease in platelets

and w%nte blood cells during hemoperfusion, decreased adsorption

capac_lty due to charcoal caking and packing, loss of red blood

cells. In the charcoal column, excessively high anticoagulant

requirements, and pyrogenic reactions all offset the advantages

;ch low cost, simplicity, and potential high adsorption capacity

carrbn;i{ly endogenous and exogenous poisons offered by activated
During the last 2 years the previously mentioned problems

have been significantly alleviated or solved completely by coatin

the carbon granules with polymeric materials that do not elicit a

such a strongly adverse reaction when exposed to blood [12, 13]

Chang_et al. have evaluated nylon, collodion, and heparin- cémpléxed

collodion as microencapsulation materials [6]. The approach in our
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labs has centered around hydrogel coatings, particularly poly-
hydroxyethyl methacrylate (PHEMA) [12, 13] and glutaraldehyde
cross-linked albumin [12]. Our results support the findings of
other investigators. The use of PHEMA-coated charcoal prevents
significant platelet destruction and blood coagulation which pre-
viously resulted in carbon packing and caking during hemoperfusion
over uncoated charcoal [8]. Also, both in vitro and in vivo adsorption
studies utilizing creatinine and uric acid indicate that significant
quantities of these solutes can be adsorbed on activated earbon.
The presence of the hydrophilic coating may slow down the kinetics
of solute removal, but very little total capacity is lost. In fact,
coating the carbon actually seems to increase the in vivo adsorption
capacity because the coated carbon does not pack and clump together,
thus allowing more blood contact and more chance for solute adsorp-
tion to occur [13]. Coating the carbon significantly decreases the
incidence of microparticles detectable in vitro and histopathologically;
however, it does not seem to completely eliminate the microparticle
problem as shown by our in vitro studies [13].

Yatzidis was also the first to demonstrate that activated carbon
could adsorb significant quantities of exogenous poisons such as
the barbiturates, salicylates, and glutethimide in vitro [1, 14].
Prior to this, Yatzidis et al. reported on the successful treatment
of two patients suffering from severe barbiturate poisoning [15]
and followed this up with treatments of other patients suffering
from high blood barbiturate levels. Based on in vitro single pass
experiments and in vivo studies utilizing dogs, De Myttenaere et al.
concluded that charcoal hemoperfusion is considerably more
effective in removal of glutethimide (Doriden) and barbiturate
(Veronal) than conventional hemodialysis [16, 17]. Rosenbaum
et al. compared the efficacy of hemoperfusion over uncoated
charcoal, cellulose-acetate-coated charcoal, and an anion exchange
resin to twin-coil hemodialysis for the treatment of sodium pheno-
barbital intoxicated dogs [18]. They found that both coated and
uncoated carbon were significantly more effective in removing
serum barbiturate than either conventional hemodialysis or anion
exchange resin techniques. However, they advised against the
human application of charcoal hemoperfusion because of the serious
reduction in blood pressure, peripheral white blood cell count, blood
platelet concentration, and the presence of charcoal emboli in the
Iung tissues of hemoperfused animals. Refer to Ref. 23 for a
critique of these earlier studies.

Chang et al. have done a considerable amount of research on
exogenous poison removal utilizing coated activated carbon. They
have found that Nembutal (pentobarbital), salicylate, and glutethimide
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can all be adsorbed readily on activated carbon [9]. Recently, Chang
et al. have reported on the in vitro clearance efficiency of activated
carbon for Methaqualone, Methyprylon, and glutethimide and the
successful clinical application of charcoal hemoperfusion to remove
these exogenous poisons [19, 20]. Work in our labs on adsorption
of exogenous poisons by activated carbon confirms the work done
by other investigators. It has been found from in vitro stirred
batch studies on various commercially available activated carbons
that all carbons evaluated are about equal in terms of salicylate -
and barbiturate adsorption [21]. We have also evaluated the in vivo
adsorption of salicylate and barbiturate using coated and uncoate
activated carbon. 5
During the last 2 years we have become aware of the fact that
very few commercially available granular activated carbons have
been evaluated in regard to use in hemoperfusion applications.
Also, many investigators have made only limited mention of the
kind of carbon used and how it was treated prior to hemoperfusion.
This seems to be a classic example of how one field borrows the
technology of another without realizing the limitations or even
evaluating all the available options. The fact that uncoated carbon
is quite traumatic to the formed elements in blood is one example
of a material that first appeared very promising (high adsorption
capacity for nitrogenous waste molecules or exogenous poisons)
but without extensive modification (washing and encapsulation)
proved to be quite bad. Another disadvantage associated with
hemoperfusion concerns the presence of minute carbon particles
that are attached weakly to the surface of the carbon. These
"microparticles" or ""fines' are probably generated during
activation and shipping of the carhon, and for most industrial
applications they are not a problem. However, for a specialty
application such as hemoperfusion the fines are a major dis-
advantage. If not removed from the surface of the carbon prior
to use, it is likely that these microparticles would be carried into
the patients body by his own blood during the hemoperfusion. Several
investigators have shown that microemboli are a serious problem if
the carbon is not adequately washed prior to use, and as a result
have questioned the safety of hemoperfusion [18, 22-24]. The cur-
rent literature has been critically reviewed in regards to charcoal
hemoperfusion, carbon treatment, and the microemboli problem [23].
The work in this laboratory has centered on evaluation of many of
the available brands of granular and pelletized activated carbons
produced in the United States which could conceivably be used in
hemoperfusion. The following characteristics have been evaluated:
1) initial cleanliness, i.e., the amount of microparticles initially
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present on the surface; 2) ability to be cleaned, i.e., can the micro-
particles be removed completely from the surface of the carbon?;

3) resistance to attrition, i.e., will the carbon resist fragmentation
during hemoperfusion?; 4) in vitro adsorption capacity for creatinine;
5) the nature of the carbon particle surface topography; 6) the nature
of the carbon emboli in regard to size distribution and geometry; and
7) the optimum cleaning procedure necessary to give a sufficiently
clean carbon surface.

II. MATERIAL: ACTIVATED CARBON

Active carbon is a porous material prepared by carbonizing and
activating substances of biological origin. The commercial value
of an activated carbon depends upon its adsorptive capacity for the
particular solutes of interest. Adsorptive capacity in turn is a
function of the total surface area and pore structure resulting
from the activation of the carbon. Activated carbons usually have
surface areas in the range to 500 to 1400 m®/g.

The production of activated carbon begins with pyrolysis of
biological material (wood, coal, peat, shells, petroleum, etc.) in
the absence of air or chemical agents. The result of this treatment
is a carbonized material with a specific surface area of several
square meters per gram. Activation of this carbonized product
gives a sorbent with high porosity and a correspondingly high
surface area. During carbonization, most of the noncarbon
elements are removed in gaseous form, leaving behind irregularly
shaped crystallites separated by interstices filled or blocked by
tarry substances (amorphous carbon). There is very little pore
structure and consequently negligible surface area. Activation by
exposure to high- temperature steam or carbon dioxide not only
burns out the disorganized amorphous carbon opening up the clogged
pores between the crystallites, but also burns out some of the carbon
comprising the crystallites as well. Active carhon can also be pro-
duced in a one-step process by adding substances (zinc chloride)
which prevent the formation of tars during the course of pyrolysis.
The net result of either physical or chemical activation is active
carbon with a submicroscopic structure of complex, interconnected,
irregularly shaped passages of molecular dimensions.

Various grades of activated carbon have been utilized by industry
for many years to decolorize and purify gases and organic liquids.
The purification process is one of adsorption of solute or gas
molecules on the surface of the carbon. The extremely high
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dimensions, the physical size and shape of the solute molecules will
be a factor in determining whether or not they can gain access to
the micropores. If more than one species of solute molecule exists,
there will be a competition for the available surface area to which
these solute molecules have access.

The highly porous structure of the activated carbon particle
produces a delicate framework with a much lower mechanical
strength than the parent carbonized material. Movement and the
resulting mechanical abrasion of the carbon particles against one
another results in particle fracture and generation of microparticles.

Table 1 is a summary of the available data concerning the physical
properties of the commercial carbons evaluated in our labs. The
particle size of the carbon granules refers to the sizes of two screens,
either in the U.S. Standard Sieve Series or the Tyler Standard Sieve
Series between which the bulk of the carbon sample falls. The
relationship between these two sieve standards is shown in Table 2.

Ash refers to the mineral oxide constituents of activated carbon.
It is normally quantitated on a weight percent basis after a given
amount of sample is reduced to ash. From Table 1 one can see
that the petroleum-based activated carbons have the lowest amount
of ash.

There are a number of techniques developed by various carbon
producers to evaluate the abrasion resistance or hardness of their
product. Witco Chemical Corporation uses an NBS abrasion number
test. This test measures the percentage reduction in the average
particle size resulting from the rotation of a T-bar stirrer in a
cylindrical vessel containing a specified amount of carbon. Abrasion
numbers and hardness numbers are often quoted by carbon manu-
facturers. These values are determined by contacting the carbon
samples with steel balls in a pan attached to an oscillating machine.
The abrasion number is the ratio of the final mean particle diameter
to the original mean particle diameter (determined by screen
analysis X 100). The hardness number is calculated from the
weight of granular carbon retained on a particular sieve after
the carbon has been in contact with steel balls as previously
described, American Norit Company quantitates its carbon
hardness with a test utilizing a cylindrical steel bar rotating
inside a steel mesh cylinder. The hardness is expressed as an
attrition factor which is the weight of fines produced (dust and
fractured carbon) divided by the original weight of carbon and

the total test time.
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' The adsorption characteristics of activated carbon are expressed
in a number of standard ways. For instance, the Iodine Number is
the number of milligrams of iodine adsorbed by 1 g of carbon at an
equilibrium concentration of 0.02 N iodine. The Iodine Number can
be .correlated with the carbon's a,thity to adsorb low molecular
weight substances. The carbon tetrachloride activity is the steady-
sttate percentage increase in weight of a bed of activated carbon after
air saturated with carbon tetrachloride at 0°C is passed through it
at 25°C. The Molasses Value (MV) is determined by optical density
measurements of a molasses residual filtrate after carbon treatment
and subsequently a standard carbon and molasses are used as a base
for comparison of adsorbabilities. The Molasses Decolorizing Index
(MDI) follows the same lines as MV determinations. The MDI can
be correlated with the carbon's ability to adsorb high molecular
weight molecules.

S.urface area is expressed in square meters per gram of carbon
and is usually determined from the nitrogen adsorption isotherm by
the Brunauer, Emmett, and Teller (B.E.T.) method [26]. Directly
associated with surface area are the pores which produce it. The
porosity of an activated carbon is usually quantitated in terms of
tot:'a,l pore volume {the volume of all macro- and micropores per
unit weight of carbon) and the pore size distribution which is usually
expres'sed on a graph as cumulative pore volume as a function of
pore diameter or radius. The derivative of this distribution gives
thfe volume of pores in various size ranges. The micropore dis-
tribution can be used to predict the adsorptive capacity of the
carbon for molecules of various molecular weights.

ASTM standard procedures are available which describe the
following carbon characterizations: apparent density of activated
carbon (D 2854-70), particle size distribution of granular activated
car.bon (D 2862-70), total ash content of activated carbon (D 2866-70)
mmstgre in activated carbon (D 2867-70), and liquid phase evaluation,
of activated carbon (D 2355-70). At present it would seem that there
ar.e no standard tests for establishing the attrition resistance
Emcroparticle content, and cleanability of activated carbons, ,Even
in terms of solute adsorption, each manufacturer seems to have a
different approach to quantifying the adsorption capacity of active
carbon, Our approach has been to design evaluation procedures
where none currently exist and to utilize currently published
standard tests (D 2355-70) or modifications of those tests when

necessary.
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TABLE 1. Physical Characteristics and Specifications of Commercially

to Date?

Particle
Carbon brand (mesh) Raw Maximum Hardness
and gradeP size material % ash index
Witco 517 12-30 Petroleum 0.3 NBS abra-
(U.8.) sion no. 4
Witeco 256 4-10 Petroleum 0.3 NBS abra-
(Tyler) sion no. 5
Witco 337 12-30 Petroleum 0.4 NBS abra-
(U.8.) sion no. 6
Witco 125 12-30 Petroleum 0.3 NBS abra-
(U.8.) sion no. 4
Columbia LCK 12-28 Petroleum 0.5 Abrasion
(Tyler) no. 84
Columbia JXC 4-10 Petroleum 2.0 Abrasion
(Tyler) no. 95
Columbia MBV 4-6 Coal base 12.0 Abrasion
(Tyler) no. 95
Pittsburgh SGL 8-30 Bituminous 8.0 Abrasion
(U.8.) coal no. 70
Pittsburgh CAL 12-40 Bituminous 8.5 Abrasion
(U.8.) coal na. 5
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Available (USA) Granular apd Pelletized Activated Carbons Evaluated

Surface
area
Bulk g
_ (m“/g) N2 i
Elge/ncs;;:y :Adsorption B.E.T. Pore size gr?;u\}ifﬁe
index Method distribution (ce/g)
0.49 c
1200 ~62% of pore  0.60
volume in
3to40 A
: range
0.45 1250 & 0.54
0.43 c 1420 c 0.59
o
0.49 1200 “ 0.47
0.46 ngl:d%activity ~1300 Similar to Similar to
Columbia Columbia,
! JXC JXC
.48 Cf(i?h activity ~1300 ~b4% of pore _ 0.83
0% volume in
10 to 40 A
range
0.43 CCly activity ~1100 Fewer C
60% pores in
the 100 &
range than
JXC
0.48 IOdin?}o 950-1050 ~42% of pore  0.85
no. 900 volume in
10 to 40 A
| range
.44 Iodine 1000-1100 ~48% of pore 0.94
no. 1000 volume in
10 to 40 A
range

{continued)
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Particle
Carbon brand (mesh) Raw Maximum  Hardness
and gradeP size material % ash index
Pittsburgh PCB 6-16 Coconut 6.0 Abrasion
(U.S.) shells no. 92
Fisher activated 6-14 Coconut 10.0 Abrasion
coconut (Tyler) shells no. 95
charcoal
Darco granular 12-20 Lignite Water ¢
(U.8.) solubles
1%
Darco LIPT 12-20 Lignite Extra low ©
(U.8.) soluble
iron and
sulfur
Norit granular 8-20 Wood, peat 5-10 Attrition
{U.8.) charcoal, factor 5-1.
ete. mg/g/min
Norit Attrition
pelletized factor,
mg/g/min
RBI 16-20 5-10 0.1-2.0
(U.8.)
RB II 8-12 Wood waste 5-10 0.1-2.0
(U.8.) products
and peat
RB III 6-8 5-10 0.1-2.0
(U.S.)
RB IV 4-6 5-10 0.1-2.0
(U.8.) _
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Surface
- area
u (m%*g) N2 i
. J Cumulat
Ele}lsuy f&dsorptmn B.E.T. Pore size pore V?)'ll]:l‘;l"ie
g/ce) index Method distribution (ce/g)
0.44 Iodine no. 1150-1250 ~92% of total 0.72
1200, CCl, surface !
activity area in 10
60% to 40 A
pore
% c
0.45 1150 Average pore 0.62
diameter
22 A
(¢
0.39 700 Mean pore 1.00
radgus
29 A
c
0.39 700 Mean pore 1.00
radius
29 A
= c
0.26-0.30 665 ~45% of pore  0.9-1.1
volume in
10 to 40 A
range
% of pore
volume in
10 to 40 A
range:
0.42-0.45 ¢ 900-1000 16 0.95
0.42-0.45 € 900-1000 16 0.95
0.42-0.45 ¢© 900-1000 16 0.95
0.42-0.45 © 900-1000 16 0.95

(continued)
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TABLE 1 (continued)

Particle

(mesh) Maximum Hardness

Raw
% ash index

Carbon brand
and grade® size material
Bituminous 7.5 Abrasion
no. 70

8-30

Nuchar WV-L
(U.8.) coal
Nuchar WV-G 12-40 Bituminous 8.5 Abrasion
(U.S.) coal no. 75
Nuchar WV-W 8-30 Bituminous 7.0 Abrasion
(U.S.) coal no. 70
Nuchar WV-H 12-30 Bituminous 8.0 Hardness
(U.8.) coal no. 90
Barnebey 12-30 Nut shells 10,0 >90% by
Cheney PC (Tyler) Ball Abra-
sion Test
Barnebey 12-30 Nut shells 7.0 >90% by
Cheney PA (Tyler) Ball Abra
gion Test
Barnebey 12-30 Mineral ¢ >85% by
Cheney FP (Tyler) carbon Ball Abr:
sion Tes!
Barnebey 12-30 Nut shells 5.0 >85% by
Chaney PL (Tyler) Ball Abr
sion Tes
Barnebey 12-30 Pecan 5.0 >90% by
Cheney PK (Tyler) shells Ball Abi
gion Te:

ere were obtained from 1970 to

Ayhe carbons and data reported h
bsee Acknowledgments.
CThe information either no

t readily available or else pro

prietar;
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Surface
Bulk ar%a
density i U /e
(g/cc) ﬁfise?(rptmn B.E.T. Pore size S
Method distribution ?(?cr}? g;"ﬂ“me
0.48 Mini.
mum
o 1000 ~29% of pore  0.58 in 10
i volume in to 10° A
10 to 40 A range
L o range ;
iodﬁzm 1100 ~34% of pore  0.68 in 1
no. 1050 Teomed 010
10 to 40 A range
0.57 Minimu. e
m
i 850 ~21% of pore  0.38 in 10
s ond volume in to 10* A
10 to 40 A range
0.48 Minimum o
i 1000 ~38% of pore  0.53 in 10
e volume in to 10° A
10 to 40 A range
0.46-0,51 c c F
c
c
0.54-0,60 c c
c
c
0.58-0.65 Y
c
c
c
0.37-
37-0.41  CCl, activity ¢ c
70% min <
0.47-0.52 ¢ c
c
c
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i d
TABLE 2. The Relationship between Standard Mesh Sizes an
Particle Dimensions

Opening
— Standard mesh — — Tnehes
70 0.185
295 0.131
! 2.39 Qi0ed
: 3 1.65 0.065
5 14 1.42 0:05¢
- 16 N 0.047
14 45 0.99 0.039
18 i 0.64 0.033
# % 0.71 9020
5 o 0.58 0.023
28 ¥ 0.51 0.020
o2 7 a4 0.016
3 45 0.36 0.014
e - 0.30 0.012
49 5 0.25 0.010
i 80 0.17 0-004
28 e 0.15 0.006
108 5 410 0.004
180 o 0.07 0.003
4 530 0.06 g:0c2
anp £ o164 0.002
iiz et 503 0.001
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III. CARBON EVALUATION PROCEDURES

At this time the most important parameters concerning the use
of activated carbon for hemoperfusion are adsorption capacity for
the solutes of interest and the ease of removal of the previously
mentioned microparticles which could become emboli when in
contact with blood. When one evaluates the "cleanability" of carbon,
it should be understood that this depends on the number of micro-
particles present on the surface as well as on the ease of their
removal. The first evaluation made was concerned with how many
particles exist on the various brands of activated carbon, i.e., how
"dirty" is the carbon as received from the manufacturer? This
was the subject of the initial cleanliness test. A second factor
associated with the fine carbon particle problem is removing
these potential emboli before the carbon is used in an in vivo
experiment. Most investigators report washing the carbon to be

used in a series of steps employing running water which thoroughly
agitates the carbon and carries away many of the microparticles,
This procedure has been used in our laboratory to clean the carbons
but with some modifications, The second evaluation performed was
concerned with how well the various kinds of carbon could be cleaned
by washing and was termed the washability study, All carbons were
evaluated in this manner to see if some brands of activated carbon
could be washed cleaner than others. The microparticles were
removed from the washing solution by filtering, and the qualitative
macroscopic and microscopic appearance of these filters was used
to determine washability effectiveness.
During the first year of in vivo studies, a fluidized bed was
utilized so that the carbon particles agitated freely and at times
quite vigorously; carbon particle collisions occurred, resulting in
particle fragmentation and creation of particles small enough to
escape the restraining screens and be carried in the blood stream
as emboli. An attrition test was designed with the goal of measuring
the relative attrition strengths of various granular activated carbons,
The current effort in our kidney development puts emphasis on a
nonfluidized bed of carbon particles. There have been two principal
reasons for this. First, the pressure drop across a nonfluidized
column is lower than that of a fluidized bed. Second, particle
agitation will be almost nil in a nonfluidized bed. This minimizes
collisions and possibly fragmentation of the carbon.

As a result,
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the attrition studies were dropped in favor of':1 othzlx;tie;ag.;a:;c;%sé {
Rt I;;lOIie 3%;“2;?:':;1: t:rf ihaénca?‘:mn surface. The
i i hich alrea ¢ 0

::ti;tc;girc::;eib‘rained thus far is inclflded in Fh1shrti};0£|;.en o

In vitro stirred batch sclute depletmn stud}es a R
as a means of comparing the relative adsorption ca.pThe e

i ular and pelletized carbons eva.lug,ted. ] 4
e grl;anere primarily creatinine, uric acid, salicylates, an
o nbﬂ':gﬁ:te: Creatinine was chosen as the sc:lute of primary
?1?!:1;3 rlest with- which a comparison between various carbons
cou’%‘igilﬁigﬁ.terization of the carbon particle surfacefgeon:vit;*y
and the nature of the micropa?ticltisc(ﬁotr?emtiiit;zgospl;r{ggii i
acf‘mePliShfgl élosrlrrll[?at'l:aetiga;:l;ggnepzrticle surface topography and
Ob‘JGCt Wa"fil::le content with the previously mentioned tests. The 1
mlc:gﬁ; the optimal washing procedure gnd subsequent remova
E?L:;he microparticles was also followed with SEM.

A. Initial Cleanliness

Twenty grams of the carbon to be evaluated wedre (;vi:igll;ieﬁtzig
in a clean 250 ml polypropylene beaker. One hun :'13 Ei o
O (PB?L plée'zsérw:;'r?t:mirelg the carbon
a carbon-water slurry. e .
s 755 was s st o tempera (00 30 i e
ions in the . ‘
EE??;S: ik?;rt:ee which exists on the carbor_l. This 'Stftlcofll;(?ll;%lz
seems to enhance the adhergnce c&fhtéu; ;;i;?i%iﬂ;;ne;{ e
of the activated carbon.

'cslg;fa(;:fethe adsorbed and trapped gases frognbﬁ;lle; 1;(;;:. (ift Ll:le; s
carbon particles. As the gas cange out m_ ul Ay w,ere ok
ahead of it many of the carbon microparticles whic

K tg‘fat:;a;:gmﬁosr; the carbon was gently agitatec! in the pﬁlypgpylene
beaker for 10 sec to get as many micropartlc_les 1ntc:: si::l}ﬁglcglle

ible. After another 10 sec the PBS solutlon_ conta b LA

pO'SSI -boli was poured through a 50-mesh stainless stee
fn}:‘:m‘?::rlfrea.n 100 ml glass beaker. The large granular carboln ”
m:r)lgle remained behind and was discarded. A 50—111({l Stin;)]:, eh :
fl?e solution was taken with a clean syringe ;Ia.{ld forces o :ﬂ rge 1
preweighed Millipore filter (0.22 um). The [11.ter vzla:lst_free

from the filter housing and allowed to air dry in a
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environment for 48 hr. It was then reweighed and the weight increase
in milligrams over a control was recorded for the particular brand

of carbon being tested. Each grade of carbon was evaluated three
times,

B. Washability

Twenty grams of the carbon to be tested were weighed out in
250 ml capacity polypropylene beakers. One hundred milliliters
of PBS were added to the carbon in the beaker. The carbon-water
slurry was aspirated at 24°C for 1 hr. Again, the purpose was to
réemove as many microparticles from the surface of the earbon as
possible. After aspiration the PBS solution containing many micro-
particles was poured off, leaving the granular carbon behind in the
beaker. One hundred milliliters of distilled water were then added
to the carbon and the carbon-water slurry was agitated for 30 sec
to suspend as many remaining microparticles as possible in the
fluid. The distilled water containing microparticles was then poured
through a 50-mesh stainless steel screen into a clean 250 ml glass
beaker. A 20-ml sample of this wash solution was taken via a clean
plastic syringe after thorough mixing and forced through a preweighed
Millipore filter (pore size, 0.22 pm). The initial sample represents
the fines content present at the beginning of a dynamic wash with
tap water.

The carbon sample was then placed in a washing cylinder where
it was restrained by 50 mesh stainless steel screens at both inflow
and outflow ends. Tap water flowed via a roller pump through the
cylinder at 400 ml/min and vigorously agitated the carbon particles.
This washing continued for 90 min. At 30 min intervals the wash
water flow was shut off and 100 m1 of the wash water present in the
cylinder at that time was allowed to drain into a clean glass beaker.
A 20-ml sample of the wash water was taken via a clean syringe
and forced through another preweighed Millipore filter. The flow
was reestablished through the wash cylinder for another 30 min.
Second and third samples were taken in the same way. At the
conclusion of the test the four filters were air dried in a dust-free
environment for 24 hr and reweighed. They were photographed
macroscopically and microscopically. A qualitative comparison
was then made between the initial amount of microparticles on
the first filter and the presence of microparticles on the subse-

quent filters obtained during water washing, Originally, we had
hoped to quantitate the progressive decrease in the number of
emboli washed from the carbon by weighing the filters. However,
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this was not feasible for all the carbons because of the exceedingly

small filter weight increases (less than 10 ug) in the latter washing
stages (60 and 90 min samples).

C. Attrition Resistance

The carbon to be tested was removed from its bulk container and
sieved to 12 X 24 Tyler mesh in approximately 50 g quantities. When
about 250 g of sized carbon was processed, it was spread thinly over
a sheet of absorbent paper and allowed to equilibrate with the water
vapor in the atmosphere for 24 hr, At the end of this time, 20 g
quantities of the carbon were weighed out and placed in the attrition
test apparatus shown in Fig. 2. Air from a compressed air source
was admitted to the chamber at an inflow pressure of 20 psi and a
flow rate of 30 liter/min. The flow rate remained constant for
20 min and was sufficiently strong to project all the carbon particles
against the upper stainless steel restraining screen several times
a minute. The force of the repeated impacts fragmented some
particles. The degree of fragmentation was a function of the par-
ticular brand and grade of carbon being tested; all other factors
were held constant.

After a 20-min exposure to the air flow, the carbon was removed
from the test cartridge and resized to 12 X 24 Tyler mesh. The
particles which had fragmented were reduced enough in size to fall
through the screen and were discarded. The carbon which remained
was placed on absorbent paper and ailowed to reequilibrate with the
atmosphere for 24 hr. After equilibration the carbon was reweighed
and the loss in weight recorded as the percent reduction due to
particle fragmentation. This procedure was repeated for four to
ten samples of each particular carbon tested.

D. In vitro Adsorption of Creatinine

The carbon to be tested for creatinine adsorption capacity was
dried thoroughly by aspiration in a vacuum oven at 40°C for 30 min.
Five grams of this carbon were placed in a glass beaker containing
90 ml of PBS solution (pH 7.4). This solution was aspirated for
15 min at room temperature. Following this the PBS solution was
poured off and discarded. The carbon in the glass beaker was
placed in a water bath at 37°C and an automatic stirrer with a
Teflon tip was inserted. One milliliter of radiolabeled creatinine
(1 pCi) was diluted in 200 ml of PBS solution to give a creatinine
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FIG. 2, Apparatus for determining the attrition resistance of
granular activated carbon.

concentration in PBS of 100 mg% initially. This solution with
isotope was added to the carbon in the beaker at 37°C with stirring,
One milliliter samples were taken at 15 and 30 sec and 1, 2, 5, 30,
and 60 min.

Ten milliliters of Aquasol (New England Nuclear Corp.) counting
solution were added to each sample. The samples were then counted
(1% at a 95% confidence level) in a liquid scintillation counter to
determine the activity of each sample. From that data the creatinine
concentration in solution could be determined. The result was a
curve of creatinine solution concentration versus time for each
particular brand and grade of carbon evaluated.

E. Carbon Particle Surface Morphology

Carbon samples were gently poured out of the bulk container onto
an aluminum specimen stub previously coated with a thin layer of
silver print paint, In this way the carbon particles were not handled
or subjected to any more structural trauma than necessary. After
drying, the silver print paint served the dual purpose of enhancing
electron conductivity and mechanically securing the particles to
the specimen stub. The stubs containing the granular and pelletized
carbon samples were then coated with a layer of gold (<100 A thick)
in a vapor deposition apparatus. The specimens were observed in a
Cambridge Stereoscan SEM at low magnification (~100%) to show
total particle geometry and at a higher magnification (~1000x) to
show surface morphology (macropores, microparticles, cracks, etc.).

SEM observations on carbon particles subjected to the current
washing procedure were carried out in exacftly the same manner
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with one addition to the procedure; all carbon was thoroughly dried
overnight before mounting, and again it was transferred as carefully
as possible to prevent any fragmentation and generation of micro-

particles.

F. Characterization of Carbon Microparticles

Microparticles from granular Witco 517 carbon were collected
by adding 100 ml of PBS solution to 20 g of bulk carbon, followed
by aspiration at room temperature for 30 min. The PBS solution
was poured off and replaced by 100 ml of distilled water. The
carbon-water slurry was agitated so that larger quantities of
microparticles were suspended in solution and this was poured
into a clean glass beaker. Twenty milliliters of the solution were
forced through a 0.22-um Millipore filter (25 mm diameter),
leaving the microparticles behind on the filter. The filter was
allowed to air dry in a dust-free environment for 24 hr. A portion
of this filter was then mounted on an aluminum specimen stub,
coated with vapor deposited gold, and observed in the SEM at a
magnification of 1000X. Four pictures were taken of random areas
on the filter surface. The microparticles were measured along
their longest dimension and the number of particles in various
size ranges from 0.5 um on up was determined.

IV. RESULTS OF CARBON EVALUATIONS

A. Initial Cleanliness

The initial cleanliness data are shown in Table 3. The carbons
are listed in order of increasing microparticle content on the filter.
The average filter weight increase in milligrams indicated that there
was quite a wide spread in initial microparticle content. Several of
the Witco grades, particularly 517 and 256, seemed especially clean.
In contrast, grades of Darco, Pittsburgh (Grades CAL and SGL) and
Barnebey Cheney (Grades PA and PC) tend to be the dirtiest in
regard to initial microparticle content. The pelletized Columbia
carbons (LCK, MBV, and JXC) all seemed promising in terms of
initial cleanliness. Norit pelletized carbon RBI, Norit Granular
carbon, Witco 337 and 125, and Barnebey Cheney FP and PK were
all fairly clean. Most of the Nuchar grades of carbon as well as
Fisher Coconut carbon were moderately dirty. This data correlated
fairly well with other published data which was more qualitative in
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TABLE 3. Results of Test for Initial Carbon Cleanliness

Average filter weight

Carbon brand Mesh size increase (mg) +1
and grade range standard deviation
Witco 517 12-30 1.9 £+ 0.5
Witco 256 4-10 3.3 £0.7
Columbia JXC 4-10 3.3+0.3
Columbia LCK 12-28 3.7+1.3 h
Barnebey Cheney FP 12-30 3.8 £ 0.6
Norit RBI 16-20 4.8+1.,5
Columbia MBV 4-10 4.9 £ 0.1
Norit Granular 8-20 5.2 £ 0.0
Barnebey Cheney PK 12-30 5.5+0.2
Witco 337 12-30 5.8 +3.8
Witco 125 1230 6.0+ 1.6
Nuchar WV-W 8-30 9.3 +3.0
Nuchar WV-L 8-30 9.4+2.8
Norit RB II 8-12 9.9+5.9
Barnebey Cheney PL 12-30 10.2 £ 0.8
Norit RB III 6-8 10.3 +6.2
Pittsburgh PCB 6-16 11.2 + 0.7
Nuchar WV-G 12-40 12.0 + 0.1
Fisher Coconut 6-14 12,3 £ 1.9
Darco LIPT 12-20 12,9 + 0.7
Barnebey Cheney PA 12-30 14.7 £ 1.3
Pittsburgh SGL 8-30 15.3 + 3.0
Nuchar WV-H 12-30 15.4 + 0.5
Norit RB IV 4-6 16.0 + 0.0
Barnebey Cheney PC 12-30 20.0+1.1
Pittsburgh CAL 12-40 23.2 +4.2
Darco Granular 12-20 31.1+4.6
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nature [13]. It can now be stated def‘initively. that Witco c_a.r(‘;)orm.;1
particularly grades 517 and 256, and Columblz_a. LCK and JXC ten
to be the cleanest whereas carbons such as Pittsburgh and Darco
are the dirtiest in the ""as received'' condition. Most of the other
carbons, such as Norit, Nuchar, Fisher, and Barnebey Cheney,
are intermediate in cleanliness.

B. Washability

The results of the washability sequences for 12 repres_entatwe
grades of carbon are shown in Figs. 3 and 4. These particular
carbons were picked because they representgd the two extremes
of carbon washing efficacy. For instance, Witco f:arbon 517
(refer to Fig. 3) was one of the cleanest carbons in tern}s of the
initial sample and it also washed quite clean over a perm_d of
90 min. On the other hand, Darco LIPT was extremely dirty
initially, and in the 90-min wash sample there were stxll.many
emboli evident. The washing sequences not shown were inter-

i n these two samples.
meg'liaiigb?litgegGL was initially one of the dirti_est carbons evaluated.
The sequential washing samples were unusual in respec.t to the_bI
extremely large size of some of the microparticles. It is possible
that these are microparticle aggregates, Ba:_rnebey Cheney PL
was also quite dirty initially, but water washmg. seemed to be
successful in removing a large number of the f].nes'. Barnebey .
Cheney PC was not as dirty as PL, but water washm.g after 30‘ m.ln
was not successful in removing any more microparticles. This 1§ .
a good example of how water washing can clean some car})ons Whéf
are quite dirty initially but for other carbc.)n grades washing rapidly
loses its effectiveness. The reason for this may be that some
carbons are relatively more attrition-resistant than other.s. Water
washing a strong carbon cleans it by carrying away the m1qr9— .
particles. Collisions between carbon granules are not suffwlen
to produce more microparticles. On the other hand, \’}Fa.shlng a
weaker carbon under the same conditions may be suffl.m.ent to
produce a sizable number of microparticles from collisions.
A point of diminishing returns is rea,.ched and the carbon Floes
not get any cleaner. Carbons diffe(zir from grade to grade in

eir ability to be cleaned.

ter;?osr?tf I:tbzuetized P{B III was also quite dirty initially and con-
tinued water washing did not effectively remgve any extrangous
particulates after 30 min. Two kinds of partmu_late cont‘ammants
have been found to be associated with the pelletized Norit carbons.
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In addition to the regular carhon microparticles, there are also
large numbers of slender transparent fibers several hundred
micrometers in length. The composition and source of these fibers
remains unknown. It is possible that they are polymeric binding
fibers used to hold the pelletized particle together.

From Fig. 4 it can be seen that the initial samples of Nuchar
WV-L, Fisher Coconut, granular Norit, and Pittsburgh PCB were
all extremely dirty. Water washing for 60 min was quite effective
in cleaning these carbons, but continued washing after this produced
only minimal improvement at best. Columbia LCK, Witco 256, and
Witco 337 (not shown) were all relatively clean in terms of the
initial sample. Water washing for 30 min was sufficient to remadve
the greatest part of the microparticles, and after 90 min of washing
there were no microparticles visible on the filters corresponding
to Columbia LCK and Witco 256,

Some of the washing sequences for various carbons not shown
here were quite promising. For instance, Barnebey Cheney FP
was quite clean initially and a 30-min water wash was sufficient
to clean the carbon to a point of diminishing returns. The pelletized
carbons Norit RB IV and Columbia JXC and MBV washed completely
clean in 60 to 90 min. Witco 337 granular carbon was one of the
cleanest carbons evaluated in the initial state, and the filter sequence

indicated that it could be washed cleaner than most carbons evaluated
in only 30 min.

C. Attrition Resistance

The attrition test data are shown in Table 4. The average weight
loss due to particle fragmentation is a measure of the resistance to
fracture for each of the seven carbons evaluated. A small weight
loss like that exhibited for Witco 517, Columbia LCK, Witco 331,
and Witco 125 implies that these carbons are more resistant to
fragmentation during perfusion than is granular Darco carbon which
had the highest weight loss of those carbons tested., There seems
to be a correlation between the initial cleanliness test and the
attrition test in that Witco 517 and Columbia LCK were the cleanest
carbons as received and these same two carbons have been found to
be the most resistant to attrition. On the other hand, granular
Darco was the dirtiest carbon found in the initial cleanliness test
and it was also the carbon most susceptible to fragmentation.

Witco 337 and Witco 125 were comparable in resistance to attrition,
and they seem to be comparable in terms of initial microparticle
content (see Table 3). Pittsburgh SGL and granular Norit carbons
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TABLE 4. Attrition Test Data

Average weight

Mesh loss (g) £ 1 Average
Carbon brand size standard weight loss  No, of
and grade (Tyler) deviation (%) trials
Witco 517 12 X 24 2.52 £ 0.31 12.6 10
Columbia LCK 12 X 24 3.14 £ 0.21 15.7 9
Witco 337 12 X 24 3.53 £ 0.21 17.6 9
Witco 125 12 X 24 3.97 £ 0.44 19.8 9
Pittsburgh SGL 12 X 24 4,55 + 0,79 22.7 7
Norit 12 X 20 7.42 £ 0.37 37.1 7
Darco 12X24 11.92 £0.21 59.6 4

were intermediate in attrition resistance. It is possible that this
correlation between attrition resistance and initial microparticle
content exists because of brand and grade variations in resistance
to fragmentation during processing, packaging, and shipping.

One reason for only evaluating seven carbons was related to the
standard test size of 12-24 Tyler mesh. Many of the pelletized and
large granular carbons did not fit in this size range and could not
be evaluated. This applies primarily to the Norit RB series,
Columbia JXC and MBV, and Fisher 6-14.

There is now available a National Bureau of Standards analytical
test for determining the abrasion resistance of granular carbons.
Information concerning this test can be obtained from Atlas Chemical

Industries, Inc.

D, In vitro Creatinine Adsorption

Figures 5 through 9 show solution depletion of creatinine as a
function of time for the various grades of activated carbons evaluated.
From these figures it can be seen that the best carbons for creatinine
adsorption were Witco 517, Columbia LCK, Pittsburgh SGL, Witco 337,
Nuchar WV-G, Pittsburgh carbons PCB and CAL, and Barnebey
Cheney PL. The carbons with the poorest adsorption capacity for
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FIG. 9. Radiolabeled creatinine solute depletion from aqueous
solution by various grades of granular activated carbon as a function
of time.

creatinine were Fisher Coconut; granular Darco; the pelletized
Columbia carbons JXC and MBV; the pelletized Norit carbons RB II,
RB III, and RB IB; Darco LIPT; and the Barnebey Cheney carbons
FP, PA, and PC. All other grades of carbon evaluated were inter-
mediate in terms of creatinine adsorption,

The low adsorption characteristics of the Columbia and Norit
pelletized carbons probably results from hindered solute diffusion
into the bulk of the pellets. These pellets are quite large (with the
exception of Norit RBI, which had fair adsorption characteristics
for creatinine) and most of the carbon mass in the interior of the
pellet has a limited exposure to the solute molecules. Consequently,
the diffusion of solute molecules into the interior of these carbons
is quite slow and total solute adsorption for a limited amount of
time is relatively low. On the other hand, there is much less
opposition to solute diffusion in the case of the granular carbons
and so the adsorption is faster. Both total adsorption capacity
and kinetics must be considered when one is evaluating activated
carbon. As an example, consider Fig. 7. Nuchar WV-G has very
high kinetics as evidenced by the rapidly decreasing solute con-
centration in the first 10 min. Total adsorption capacity for
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creatinine solute is reached in about 25 min, In contrast, the Norit
pelletized carbons RB II, ITI, and IV have slower adsorption kinetics.
The slope of these three curves is considerably less, and even after
60 min these carbons have not reached complete adsorption capacity.
Norit pelletized RBI has better adsorption kinetics than the other
pelletized carbons, and it reaches total adsorption capacity in
approximately 60 min. However, if Norit RBI is compared with
Nuchar WV-G, it is seen that the latter is superior both in terms

of kinetics and total adsorption capacity.

Based on kinetics and ultimate adsorption capacity for creatinine,
Columbia LCK; Pittsburgh SGL, CAL, and PCB; Nuchar WV-G and
WV-L; Witco 337 and 517; and Barnebey Cheney PL are superior
to the other carbons evaluated, However, it should be kept in mind
that this is an in vitro evaluation carried out for only one solute.

In actual blood perfusion where there is competitive adsorption by
many molecular species, this comparison may not hold.

E. Carbon Surface Morphology

The results of SEM analysis for representative grades of each
brand of activated carbon are shown in Figs, 10 through 13, It
should be kept in mind that all carbons studied exhibit a hetero-
geneous surface in regard to microparticle distribution, maecro-
pores, cracks, etc. The areas shown in the micrographs are
representative of the surface of each particular carbon studied.
The bar in each SEM micrograph represents length in either 20
or 200 pm as specified.

The surface of Witco 517 shown in Fig. 10 (a and b) shows a
granular particle with a large number of surface cracks. One
would think that this extensively fractured surface would be quite
susceptible to fragmentation. However, Witco 517 was the cleanest
carbon in the as-received condition, and it was also the most
attrition-resistant of the carbons tested. The macroporous nature
of this carbon as well as the presence of a moderate amount of
microparticles is evident. The surface of Fisher Coconut carbon
is completely devoid of any extensive surface fractures. From
Fig. 10 (c and d) it can be seen that the most outstanding feature
of this particular carbon is the extensive and quite uniform surface
porosity. At many times these macropores are occluded with
microparticles, and as a rule there seem to be more micropar-
ticles on this surface than on the Witco 517, This would tend to
confirm the initial cleanliness studies in that Witeo 517 was
considerably cleaner than Fisher Coconut.
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FIG. 10. SEM micrographs of Witco 517 (a and b) and Fisher
Coconut (¢ and d) activated carbons.

Micrographs of Columbia LCK are shown in Fig. 11 (a and b),
The low magnification picture shows a rough surface which suggests
the particle microstructure is completely free of well-defined
macropores or extensive microparticles deposits. This also
confirms the cleanliness data in that Columbia LCK was one of
the cleanest carbons studied (Table 3).

Figure 11 also includes micrographs of the Darco granular
carbon surface. At low magnification the Darco surface is devoid
of macroporosity or crack formation; however, microparticles
can easily be discerned. The high magnification micrograph
indicates that the surface of the particle is quite uniform and

homogeneous and that it is covered

with large amounts of
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FIG. 12. SEM micrographs of Nuchar WV-W (a and b) and
Barnebey Cheney FP (¢ and d) activated carbons.

FIG. 11. SEM micrographs of Columbia LCK (a and b) and
granular Darco (c and d) activated carbons.

they penetrate very deeply into the particle substructure. These
fissures give the appearance of having been worn or etched out
in a rather smooth shape and not formed as the result of material
fracture, The micrographs in Fig. 12 (¢ and d) also show a surface
quite extensively covered with microparticles, but very few macro-
Nuchar WV-W has a considerable amount of surface hetero- pores are visible. In many instances, microparticles are situated
geneity as shown in Fig. 12 (a and b). There are several fissures in the fissures and surface depressions. This applies to a number
visible in the low magnification micrograph as well as many large of different grades of carbon evaluated that had rough surfaces.
macroparticles. Very few pores are visible. The high magnifi- The surface of Norit granular carbon appears to be somewhat
cation micrograph indicates that there are a moderate number of fibrous or spongy as shown in Fig. 13 (a and b). There is a well-
surface microparticles, many of which are quite large. developed surface macroporosity that seems to arise from the
Barnebey Cheney FP has a surface which is quite extensively fibrous structure but there is no extensive microparticle dis-
covered with surface fissures; however, it does not appear that tribution. This carbon was one of the cleaner carbons evaluated

microparticles, Of all the carbons evaluated in terms of surface
morphology, Darco granular seems to be the dirtiest in regard to
microparticles. The initial cleanliness data confirm this since
Darco is the dirtiest of all 27 grades evaluated.
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FIG. 13. SEM micrographs of Norit granular (a and b) and
Pittsbu.rgh SGL (c and d) activated carbons.
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quite narrow and long and they probably penetrate into the particle a
considerable distance. Perhaps they help substitute for macropores
which tend to be very rare in this particular erade of carbon. There
are a considerable number of microparticles of various sizes
present, with a high percentage being quite large {greater than

10 um in longest dimension), This is also in keeping with the

initial cleanliness data, Pittsburgh SGL was one of the carbons
with a high initial content of microparticles.

F. Carbon Microparticles

Based on the results from the previously described evaluations,
Witco 517 was chosen as the optimum ecarbon for our in vivo hemo-
perfusion studies. Even though it was considered the optimum,
microparticles were still present in large numbers, We wanted
some idea of the size distribution and shape of these microparticles.
The shape of the majority of the microparticles was found to be
quite irregular for the larger particle sizes (>20 pm), but as the
greatest measured dimension of the particles decreased (<10 {im)
the shape of the particles became more uniformly ellipsoidal. The
results of the microparticle size distribution are shown in Fig, 14,
Almost 35% of all the microparticles obtained from the carbon
surface are in the 2 to 3 um size range. The great majority of
the microparticles (94%) are in the 1 to 7 ym size range. Less
than 5% of all the microparticles are larger than 10 pgm, and
there were essentially no microparticles larger than 20 um.

The small size and large number of these microparticles means
that it will be extremely difficult to remove all of them. The use
of line filters during hemoperfusion would not be successful owing
to the extremely small size of the particles. Our approach has
been to wash the granular carbon free of the majority of the
microparticles by utilizing water and ultrasound., It is then coated
with a synthetic hydrogel which serves to mechanically restrain
the remaining particulate matter on the surface and enhances the
biocompatibility during hemoperfusion [12].

V. PRESENT CARBON CLEANING PROCEDURE

A, Procedure

Carbon is taken through the washing sequence in 100 g quantities.
Wash water samples are taken at various stages and passed through
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FIG. 14. Size distribution of microparticles removed from
granular Witco 517,

Millipore filters, The quantity of microparticles on the fiIt‘er
surface is indicated by a filter weight increase, SEM, and light
microscopy. A few granules of carbon are obtained a.t th:e sa'me
time for SEM analysis of microparticle content and distribution
on the carbon surface.

The carbon is placed in a 1-liter capacity polypropylene beaker,
In the dry state many of the carbon microparticles are pulled off
the granular carbon and tightly held to the walls of the beaker by
electrostatic forces. Distilled water (200 ml) is added to t!le
carbon and the carbon-water slurry is subjected to a negative
pressure of 25 in, Hg for 30 min. As previously noted,.the
negative pressure above the solution helps to pull out air and

:\\r
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microparticles which are trapped in the porous carbon substructure.
Once in solution, these particulates can be washed away. For
sampling purposes the microparticles suspended in the solution
after aspiration are poured into a clean glass beaker. A 100-ml
sample of this initial wash solution is obfained with a syringe and
passed through a Millipore filter. A few carbon granules are set
aside for SEM analysis.

The carbon is then placed in a 4-liter capacity polyethylene wash
bottle, Tap water is admitted at the spigot in the bottom of the bottle
at a flow rate of 3 liters/min. Fluid flows in an antigravity direction
and thoroughly agitates the carbon granules. The effluent flows out
the top which is screened (#50 mesh stainless steel) to prevent carbon
particle escape. This water washing continues for 30 min, After
this the carbon is transferred back to the 1-liter polypropylene
beaker and 200 ml of distilled water is added. The carbon-water
slurry is gently agitated for 1 min and the water containing micro-
particles is poured off into a clean glass beaker. Samples for
Millipore filter analysis and SEM are taken as previously
described.

The carbon is then transferred to a Buchner porcelain funnel,

Tap water flows in an antigravity direction up through the funnel
over the funnel rim and is discarded. The flow rate is 3 liters/min.
An ultrasonic probe (Branson Sonic Power model No. 975) is posi-
tioned in the carbon-water slurry and turned on at low power density.
The current in the tuned state is 0.6 A. This ultrasound effectively
knocks many of the microparticles off the surface which were not
removed by water washing. Caution must be exercised during the
ultrasonication step, If the power density is set too high in the
tuned condition, the carbon will be pulverized to dust in a matter

of seconds. Usually 5 or 10 min of ultrasonication is sufficient,

The carbon is transferred back to the polypropylene beaker and
samples are taken as previously described.

The final carbon wash is carried out in distilled water. The carbon
is transferred back to the Buchner funnel and 15 liters of distilled
water flows through the carbon supported in the funnel in an anti-
gravity direction at a flow rate of approximately 3 liters/min driven
by a gravity feed. This flow is sufficient to gently suspend and agitate
the carbon particles but not so high that the granular carbon is
washed out the top of the funnel, Following this final water wash
the carbon is transferred back to the 1-liter beaker and final
samples for Millipore and SEM analysis are taken. The carbon

is then ready to be coated with polymeric materials which improve
blood compatibility.
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It should be made clear that this approach is adequate for cleaning
bulk Witco 517; however, different grades of carbon are quite variable
in regard to initial cleanliness, washability, and attrition resistance.

In practice an optimal washing procedure should be devised for each
particular carbon under study.

B. Results

The results of the carbon washing procedure are shown as a
series of sequential Millipore filter samples and SEM micrographs
in Fig. 15. The numerically labeled bars on the SEM micrographs
denote distance in micrometers (um).

1. Filters

The filter photos in Fig. 15 show a decreasing content of carbon
microparticles as the wash sequence proceeds. The initial sample
(1, post-aspiration) was covered with a thick coat of carbon dust.
Washing with tap water was effective in removing some micro-
particles but many more are still present (2, post-tap water wash
sample). This is to be expected because the tap water wash caused
a great deal of agitation and carbon attrition, and so eventually a
point of diminishing returns is reached where just as many emboli
are created by attrition as are washed away. Ultrasonication
reduces the number of microparticles considerably (3, post-
ultrasonication); however, there are still a significant number
of microparticles present on the filter. An antigravity distilled
water wash through a Buchner funnel further reduces the number
of microparticles. However, as can be seen from the filter sample
(4, final sample after distilled water wash), carbon microparticles
are still present (as compared with a control filter C). A second
wash with another 15 liters of distilled water produced a filter
sample (not shown) exactly like sample 4, indicating that again
a point of diminishing returns is being reached where further
water washing is ineffective in removing microparticles.

2. SEM

The corresponding SEM micrographs also show a progressively

decreasing number of surface microparticles as washing progresses,

Initially, the carbon surface is covered with microparticles, most of
which are smaller than 10 {m in longest dimension (control C). In
some areas on the surface it seems that these microparticles are
concentrated in crevices, cracks, and pores. Perhaps this is where
they originated during activation of the carbon. In any event, a
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FIG. 15. Sequential samples of Millipore filters and particle
surfaces (SEM) at various stages of washing. Samples are as
follows: (e¢) control, (1) post-aspiration, (2) following tap water
wash, (3) following ultrasonication, and (4) following distilled
water wash. Horizontal bar represents 20 um.,
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combination of aspiration, running tap water, ultrasonication, and a
final wash with distilled water reduces the numbeér of surface micro-
particles to a very minimal value. It should be understood, hoyuever,
that this minimal value is not zero. These residual microparticles
seem to be localized in pores and fissures where they are very
difficult to remove.

At this stage of the process the carbon is ready to be coated
with polymeric materials which will significantly enhar‘lc.e blood
compatibility and help to restrain physically any remaining
microparticles. .

This paper has only considered microparticles, washing, and
in vitro creatinine adsorption characteristics in the selection of
an activated carbon for hemoperfusion applications, One must also
consider the chemical nature of the carbon with respect to extract-
ables and leachable components, and the toxicity, pyrogenicity, and
sterilizability of the carbons. Carbon coating techniques have o.nly
been mentioned in passing, but they also play a significant role in
optimizing activated carbon hemoperfusion for subsequent clinical use.

VI. CONCLUSIONS

The following observations are made on the basis of our e'xperi-
ence with activated carbon and its utilization for hemoperfusion.

1. Commercially available granular and pelletized activated
carbons vary widely in terms of initial microparticle content.
Witco carbons 517 and 256; Columbia carbons JXC, LCK, and
MBYV; Barnebey Cheney FP; and pelletized Norit RBI were the
cleanest carbons in the as received state.

2, Various carbons differ in terms of efficacy of water washing,
Some carbons can be effectively cleaned using this approach while
other carbons cannot. The Witco carbons 517, 256, and 337 as well
as the Columbia carbons JXC, MBV, and LCK were all effectively
cleaned by water washing. Darco granular and LIPT, Barnebey
Cheney PC, Pittsburgh SGL, and Nuchar WV-W carbons were
cleaned least effectively using a water wash approach. All other
grades of carbon were intermediate between these extremes.

3. Witco carbons 517, 125, and 337 and Columbia LCK were
all more resistant to attrition than Norit, Darco, and Pittsburgh
SGL granular activated carbons.
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4. There seems to be a good correlation between the initial
cleanliness, washability, and attrition resistance of the various
carbons evaluated. Carbons such as Witco 517 and Columbia LCK
are consistently superior in all of the previously mentioned tests
while granular Darco rated consistently low in those same
evaluations.

5. There were a number of carbons which had very good in vitro
adsorption characteristics for creatinine. Witco 517 and Columbia
LCK were quite good in this regard. Fisher Coconut granular
activated carbon was quite poor both in terms of in vitro creatinine
adsorption and the two previously mentioned tests concerned with
microparticle evaluation. Most of the pelletized carbons were
relatively poor in terms of creatinine adsorption,

6. The surface morphology of various grades of activated carbon
was markedly different for each carbon evaluated. This observation
was made on the basis of SEM evaluations carried out on a number
of samples of each grade of carbon tested. There seems to be a
rough correlation between the number of microparticles on the
surface and the initial cleanliness test. Witco 517 and Columbia
LCK seemed to have surfaces which were relatively free of
microparticles in comparison to the other carbons,

7. A large percentage (94%) of the microparticles obtained
from thoroughly washed Witco 517 are in the 1 to 7 pm range,

8. The present carbon washing procedure utilizing Witco 517
is quite adequate for removal of the greal majority of microparticles
from the carbon surface, However, not all the microparticles on the
carbon surface can be removed by washing.

9. Witco 517 granular activated carbon has been chosen for
utilization in our hemoperfusion studies because it is superior to
all others in terms of initial cleanliness and attrition resistance,
and it is comparable to other activated carbons in terms of optimal
water washing and in vitro creatinine adsorption (fairly rapid
kinetics and acceptable ultimate adsorption capacity).
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Adsorbent hemoperfusion generally consists of passing
blood over a column of sorbent granules constrained
within a suitable extracorporeal circuit, Certain solutes are
adsorbed on the surface of the granules and thereby re-
moved from the blood. In many cases the physical adsorp-
tion process is strong enough to remove normally
protein-bound substances [1] The three generally
utilized classes of sorbents are: /) ion-exchange resins; 2)
polymeric, nonionic adsorbents, in particular the Amber-
lite XAD series (Rohm and Haas Corp.); and 3) activated
carbon. The last is a broad-spectrum adsorbent suitable
for removing a variety of exogeneous and endogeneous
toxins [ 1], including some of interest in uremia [2-4].0f
the three classes noted, only activated carbon has been
shown effective and useful in the partial treatment of
uremia [2}

The great bulk of the work on activated carbon
hemoperfusion has utilized granules or pellets; however,
work on hydrophilic fibers containing powdered activated
carbon [5] and on dialysis membranes containing acti-
vated carbon is in progress.

Sorbent hemoperfusion for acute application is becom-
ing generally recognized and accepted. Polymeric adsor-
bents have been applied by Rosenbaum for acute poison
treatment [6]. Activated carbon has been extensively
used for the treatment of acute poisoning and acute hepa-
tic failures [1, 7]. An activated carbon cartridge (300 g,
hydrophilic polymer coated) is now commercially availa-
ble in limited quantities [8].

There are, however, two problems associated with sor-
bent hemoperfusion, particularly for chronic applications:
1) blood compatibility of the system; and 2) particle
release from the extracorporeal circuit.

Blood compatibility has been considered in a number of
publications | 9-1 1]. Generally the problem is solved by
coating or encapsulating the adsorbent with a blood-
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tolerable material. Aqueous gels (cellulose, polyhydroxy-
ethyl methacrylate and others) and albumin coatings
have been widely used [ll].

In this brief paper we consider only the particulate
problem.

Particulates

There are a number of ways in which particulate matter
is delivered to an organism: /) by direct respiration of
particulate-laden air; 2) by surgery; 3) by intravenous
solutions; 4) orally; and 5) by extracorporeal therapy.

We are concerned only with the last category. The
particles produced by extracorporeal circuits can be di-
vided into two classes; biological (clots, platelet aggre-
gates, cellular emboli, micellar aggregates and so on) and
nonbiological. Biological particulate matter is potentially
reversible, and in the case of clots an efficient mechanism
exists for their dispersal and removal. N onbiological par-
ticulate matter is generally treated as foreign matter and
processed into the reticuloendothelial system for break-
down (if possible) and for sequestration.

We are concerned here only with nonbiological particu-
late matter which is due largely to two major sources:
roller pump tubing debris, and sorbent particles or frag-
ments which escape the restraining elements in the cir-
cuits (generally screens or filters).

Sorbent micro particles

The sorbent fragments arise from two sources: mic-
roparticles present in and on the sorbent granules, and
particles formed by granule/granule or granule/container
collision and attrition.

As received, activated carbon granules generally con-
tain large quantities of fines or microparticles on their
surfaces [11, 12]. The appearance of the carbons is
greatly affected by proper washing [12}. The particulate
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release observed as a function of washing time and condi-
tions can be quantitated and greatly affected by the nature
of the washing treatment [12, 13]. With almost all wash-
ing procedures a point of diminishing returns is reached,
which is probably due to collisions and attrition, where
further washing is not helpful. Attrition tests are available
for the evaluation of various carbons [12] . The effect of
attrition due to granule movement and collisions can be
greatly decreased by the use of a totally fixed bed column
[8] or by immobilizing the particles in some manner.

Our work has shown that a column of well-cleaned,
strong activated carbon (up to 200 g) perfused at a flow
rate of 150 to 200 ml/min for three hours generates 200 to
500 pg of carbon particles, with most of the particles in
the 1°to 2 p diameter range [12, 13]. These data were
obtained in a closed in vitro circuit where the perfusate
was passed through a 0.22 pm pore diameter Millipore
filter.

The particulate release can be decreased significantly
by coating the carbon; some coatings are obviously much
more effective than others in reducing the particulate
release [11]. Although studies are available comparing a
wide range of catbons and preparation treatments for
particle release [12], no such study is available for car-
bons coated with the various available and readily pre-
pared coatings [ 11 ]—and such a study is needed before
extensive commercial development leads us to one coat-
ing type.

Polymeric adsorbents, originally believed to be consid-
erably cleaner than activated carbon hemoperfusion [ 14] ;
also suffer from microparticle problems [6:[

Do such particles have histopathological significance?
The studies by Hagstam, Larsson and Thysell [15], in
which considerable quantities of carbon particles were
infused into rabbits by activated carbon (uncoated)
hemoperfusion, showed relatively little tissue reaction.
Activated carbon particles deposited in tissues show little
evidence of tissue reaction.

In order to semiquantitate the sensitivity of histological
methods for detecting carbon particulate matter, we con-
ducted a preliminary double-blind study injecting control-
led quantities of carbon particulates into the tail veins of
Swiss Webster mice.

We assumed a 70 kg patient would receive up to 700 ug
of carbon particles per perfusion, orup to 0.01 mg/kg. We
then injected u-sized carbon particles into the tail veins of
Swiss Webster mice at doses of 0.01, 0.1, 2 and 10
mg/kg, i.e., up to three orders of magnitude greater than
we would expect in a clinical hemoperfusion using our
systems. No acute effects were noted in any of the mice.
The animals were sacrificed at 1, 7 and 24 hr, 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 particulate dose or survi-
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val time of the tissues examined. The results are given in
Table 1. It is clear that particles are readily seen only with
the 10 mg/kg dose. Thus, particle loadings on the order of
over 200 times higher than that produced by a single
perfusion are required before such particles can be readily
detected histopathologically. It is evident that nonhis-
tological methods are required to detect particulate re-
lease. Such methods are readily available [8, 12].
Another tentative conclusion, if these preliminary data
can be extrapolated to the clinical situation, is that several
years of daily sorbent hemoperfusion would be required
before particles could be readily detected on histological
examination.

Particle loading can perhaps be decreased by a factor of
10 to 100 or more times what we have currently achieved
by selective coating treatments |2, 8] or by column de-
sign and packing 8].

Roller pump tubing particles

Particle release from activated carbon hemoperfusion
circuits may be a relatively minor part, by weight, of the

Table 1. The histological evaluation of activated carbon
particles injected into the tail vein of Swiss Webster mice.

Dose, mg/ke
Time, kr Organ 10 2 0.1 0.01
Lung + + 0 0
1 Liver + 0 0 0
Spleen ++2 + 0 0
Kidney 0 0 0 0
Lung ++ + 0 0
7 Liver ++a 0 0 0
Spleen +d 0 0 0
Kidney +a 0 0 0
Lung ++ 0 0 0
24 Liver - 0 0 0
Spleen ++a 0 0 0
Kidney +a 0 0 0
Lung 0
Control T 0
not injected Spleen 0
Kidney 0

aCarbon particles were smaller than those seen in the lung.

Tissue sections were graded on a 0 to + 4 scale as follows: 0,
no carbon particles per high power field (hpf, 400 X) in 10
fields of view (F.V.); £, 1 or 2 particles seen in 1 or 2 of the
10 F.V.; 4+, 1 or 2 particles in 5 of the 10 F.V.; ++, 1 or 2
particles in 9 or 10 of the 10 F.V.; +++, 2 or 3 particles in 9 or
10 of the 10 F.V.; ++++, more than 3 particles in 10 of the
10 E.V.
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total particulate loading to which a chronic hemodialysis
patient is subjected. This statement results from in vitro
control studies of sorbent hemoperfusion circuits contain-
ing no sorbent. In such studies we found mg quantities of
large particulate matter, readily observable on scanning
electron microscopy of Millipore filters. We conducted a
preliminary study of particles released by polyvinyl
chloride (PVC) arterial hemodialysis tubing sets from

Tt E
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Fig. 1. Scanning electron micrograph of particles on Millipore
filter (0.22 ppores) produced during an in vitro study of particle release
by polyvinyl chloride hemodialysis arterial tubing sets. A), The particle
dimensions are approximately 10 % 80 x 200 w, B), particle length
dimension is about 30 .

three main U.S.A. suppliers. The pump tubing segment
was placed in a Sarns Model 5500 roller pump adjusted to
the “‘just occlusive’” mode [16]. Particle release was
measured by total weight change of the filter and varied by
two orders of magnitude (from about .01 to over 2 mg),
depending primarily on the tubing set supplier. The filters
were examined by scanning electron microscopy and the
particles clearly seen (Fig. 1). Energy dispersive x-ray
analysis in the scanning electron microscope indicated
that some of the particles were very rich in chlorine,
leading us to suspect that they are polyvinyl chloride.

It, thus, appears from these preliminary studies that
patients placed on extracorporeal circuits utilizing roller
pumps with PVC pump segments may be receiving PVC
particles.

Similar results were obtained by Boretos and Wagner
[17] in an in vitro study of particulate production by
pump tubing segments utilized for cardiopulmonary
bypass.

If all the particles are as large as indicated in Fig. 1,
they might be filterable by blood line filters or by a fixed
bed of adsorbent particles. However, it is probable that
much smaller particles are also generated and infused by
the circuit. Our activated carbon work shows that a major
number of the carbon particles released are in the 1 to 2 w
range (for Witco 517 uncoated activated carbon, see
[12 ). Such particles could not be removed by conven-
tional filtration methods.

Discussion and conclusions

The preliminary work reported here indicates: /)
polymer particulate matter is released from at least some
PVC roller pump tubing segments when pumped with a
“‘just occlusive’’ roller pump; 2) particle release by
well-washed, well-prepared and properly selected acti-
vated carbon is about 200 to 1000 times below the level
required for routine histological detection and a factor of 1
to 100 (by weight) less than that generated by PVC pump
tubing segments; 3) particle release by coated carbon is
considerably lower than that for uncoated carbon, and is
greatly dependent on the type of coating.

In addition, we know that PVC contains 30 to 50%
plasticizer, commonly dioctylphthalate [18]. The dio-
ctylphthalate is readily leached and released into the or-
ganism, and there is growing evidence that dioctylphtha-
late is relatively toxic [19]‘ Thus, one can suspect that
PVC particles released into an organism will function as a
local “‘drug’’ release system, releasing dioctylphthalate
to the organism., It is thus possible that PVC particles may
have physical and chemical effects on the organism. If we
insist on composing a list of potential uremic toxins, PVC
particles and dioctylphthalate should at least be consi-
dered.
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s imperative that particle release by extracorporeal

circuits be quantitated and minimized.
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Adsorbent hemoperfusion generally consists of passing
blood over a column of sorbent granules constrained
within a suitable extracorporeal circuit, Certain solutes are
adsorbed on the surface of the granules and thereby re-
moved from the blood. In many cases the physical adsorp-
tion process is strong enough to remove normally
protein-bound substances [1] The three generally
utilized classes of sorbents are: /) ion-exchange resins; 2)
polymeric, nonionic adsorbents, in particular the Amber-
lite XAD series (Rohm and Haas Corp.); and 3) activated
carbon. The last is a broad-spectrum adsorbent suitable
for removing a variety of exogeneous and endogeneous
toxins [ 1], including some of interest in uremia [2-4].0f
the three classes noted, only activated carbon has been
shown effective and useful in the partial treatment of
uremia [2}

The great bulk of the work on activated carbon
hemoperfusion has utilized granules or pellets; however,
work on hydrophilic fibers containing powdered activated
carbon [5] and on dialysis membranes containing acti-
vated carbon is in progress.

Sorbent hemoperfusion for acute application is becom-
ing generally recognized and accepted. Polymeric adsor-
bents have been applied by Rosenbaum for acute poison
treatment [6]. Activated carbon has been extensively
used for the treatment of acute poisoning and acute hepa-
tic failures [1, 7]. An activated carbon cartridge (300 g,
hydrophilic polymer coated) is now commercially availa-
ble in limited quantities [8].

There are, however, two problems associated with sor-
bent hemoperfusion, particularly for chronic applications:
1) blood compatibility of the system; and 2) particle
release from the extracorporeal circuit.

Blood compatibility has been considered in a number of
publications | 9-1 1]. Generally the problem is solved by
coating or encapsulating the adsorbent with a blood-
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tolerable material. Aqueous gels (cellulose, polyhydroxy-
ethyl methacrylate and others) and albumin coatings
have been widely used [ll].

In this brief paper we consider only the particulate
problem.

Particulates

There are a number of ways in which particulate matter
is delivered to an organism: /) by direct respiration of
particulate-laden air; 2) by surgery; 3) by intravenous
solutions; 4) orally; and 5) by extracorporeal therapy.

We are concerned only with the last category. The
particles produced by extracorporeal circuits can be di-
vided into two classes; biological (clots, platelet aggre-
gates, cellular emboli, micellar aggregates and so on) and
nonbiological. Biological particulate matter is potentially
reversible, and in the case of clots an efficient mechanism
exists for their dispersal and removal. N onbiological par-
ticulate matter is generally treated as foreign matter and
processed into the reticuloendothelial system for break-
down (if possible) and for sequestration.

We are concerned here only with nonbiological particu-
late matter which is due largely to two major sources:
roller pump tubing debris, and sorbent particles or frag-
ments which escape the restraining elements in the cir-
cuits (generally screens or filters).

Sorbent micro particles

The sorbent fragments arise from two sources: mic-
roparticles present in and on the sorbent granules, and
particles formed by granule/granule or granule/container
collision and attrition.

As received, activated carbon granules generally con-
tain large quantities of fines or microparticles on their
surfaces [11, 12]. The appearance of the carbons is
greatly affected by proper washing [12}. The particulate
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release observed as a function of washing time and condi-
tions can be quantitated and greatly affected by the nature
of the washing treatment [12, 13]. With almost all wash-
ing procedures a point of diminishing returns is reached,
which is probably due to collisions and attrition, where
further washing is not helpful. Attrition tests are available
for the evaluation of various carbons [12] . The effect of
attrition due to granule movement and collisions can be
greatly decreased by the use of a totally fixed bed column
[8] or by immobilizing the particles in some manner.

Our work has shown that a column of well-cleaned,
strong activated carbon (up to 200 g) perfused at a flow
rate of 150 to 200 ml/min for three hours generates 200 to
500 pg of carbon particles, with most of the particles in
the 1°to 2 p diameter range [12, 13]. These data were
obtained in a closed in vitro circuit where the perfusate
was passed through a 0.22 pm pore diameter Millipore
filter.

The particulate release can be decreased significantly
by coating the carbon; some coatings are obviously much
more effective than others in reducing the particulate
release [11]. Although studies are available comparing a
wide range of catbons and preparation treatments for
particle release [12], no such study is available for car-
bons coated with the various available and readily pre-
pared coatings [ 11 ]—and such a study is needed before
extensive commercial development leads us to one coat-
ing type.

Polymeric adsorbents, originally believed to be consid-
erably cleaner than activated carbon hemoperfusion [ 14] ;
also suffer from microparticle problems [6:[

Do such particles have histopathological significance?
The studies by Hagstam, Larsson and Thysell [15], in
which considerable quantities of carbon particles were
infused into rabbits by activated carbon (uncoated)
hemoperfusion, showed relatively little tissue reaction.
Activated carbon particles deposited in tissues show little
evidence of tissue reaction.

In order to semiquantitate the sensitivity of histological
methods for detecting carbon particulate matter, we con-
ducted a preliminary double-blind study injecting control-
led quantities of carbon particulates into the tail veins of
Swiss Webster mice.

We assumed a 70 kg patient would receive up to 700 ug
of carbon particles per perfusion, orup to 0.01 mg/kg. We
then injected u-sized carbon particles into the tail veins of
Swiss Webster mice at doses of 0.01, 0.1, 2 and 10
mg/kg, i.e., up to three orders of magnitude greater than
we would expect in a clinical hemoperfusion using our
systems. No acute effects were noted in any of the mice.
The animals were sacrificed at 1, 7 and 24 hr, 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 particulate dose or survi-
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val time of the tissues examined. The results are given in
Table 1. It is clear that particles are readily seen only with
the 10 mg/kg dose. Thus, particle loadings on the order of
over 200 times higher than that produced by a single
perfusion are required before such particles can be readily
detected histopathologically. It is evident that nonhis-
tological methods are required to detect particulate re-
lease. Such methods are readily available [8, 12].
Another tentative conclusion, if these preliminary data
can be extrapolated to the clinical situation, is that several
years of daily sorbent hemoperfusion would be required
before particles could be readily detected on histological
examination.

Particle loading can perhaps be decreased by a factor of
10 to 100 or more times what we have currently achieved
by selective coating treatments |2, 8] or by column de-
sign and packing 8].

Roller pump tubing particles

Particle release from activated carbon hemoperfusion
circuits may be a relatively minor part, by weight, of the

Table 1. The histological evaluation of activated carbon
particles injected into the tail vein of Swiss Webster mice.

Dose, mg/ke
Time, kr Organ 10 2 0.1 0.01
Lung + + 0 0
1 Liver + 0 0 0
Spleen ++2 + 0 0
Kidney 0 0 0 0
Lung ++ + 0 0
7 Liver ++a 0 0 0
Spleen +d 0 0 0
Kidney +a 0 0 0
Lung ++ 0 0 0
24 Liver - 0 0 0
Spleen ++a 0 0 0
Kidney +a 0 0 0
Lung 0
Control T 0
not injected Spleen 0
Kidney 0

aCarbon particles were smaller than those seen in the lung.

Tissue sections were graded on a 0 to + 4 scale as follows: 0,
no carbon particles per high power field (hpf, 400 X) in 10
fields of view (F.V.); £, 1 or 2 particles seen in 1 or 2 of the
10 F.V.; 4+, 1 or 2 particles in 5 of the 10 F.V.; ++, 1 or 2
particles in 9 or 10 of the 10 F.V.; +++, 2 or 3 particles in 9 or
10 of the 10 F.V.; ++++, more than 3 particles in 10 of the
10 E.V.



———

Particulate matter 5-399

total particulate loading to which a chronic hemodialysis
patient is subjected. This statement results from in vitro
control studies of sorbent hemoperfusion circuits contain-
ing no sorbent. In such studies we found mg quantities of
large particulate matter, readily observable on scanning
electron microscopy of Millipore filters. We conducted a
preliminary study of particles released by polyvinyl
chloride (PVC) arterial hemodialysis tubing sets from
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Fig. 1. Scanning electron micrograph of particles on Millipore
filter (0.22 ppores) produced during an in vitro study of particle release
by polyvinyl chloride hemodialysis arterial tubing sets. A), The particle
dimensions are approximately 10 % 80 x 200 w, B), particle length
dimension is about 30 .

three main U.S.A. suppliers. The pump tubing segment
was placed in a Sarns Model 5500 roller pump adjusted to
the “‘just occlusive’” mode [16]. Particle release was
measured by total weight change of the filter and varied by
two orders of magnitude (from about .01 to over 2 mg),
depending primarily on the tubing set supplier. The filters
were examined by scanning electron microscopy and the
particles clearly seen (Fig. 1). Energy dispersive x-ray
analysis in the scanning electron microscope indicated
that some of the particles were very rich in chlorine,
leading us to suspect that they are polyvinyl chloride.

It, thus, appears from these preliminary studies that
patients placed on extracorporeal circuits utilizing roller
pumps with PVC pump segments may be receiving PVC
particles.

Similar results were obtained by Boretos and Wagner
[17] in an in vitro study of particulate production by
pump tubing segments utilized for cardiopulmonary
bypass.

If all the particles are as large as indicated in Fig. 1,
they might be filterable by blood line filters or by a fixed
bed of adsorbent particles. However, it is probable that
much smaller particles are also generated and infused by
the circuit. Our activated carbon work shows that a major
number of the carbon particles released are in the 1 to 2 w
range (for Witco 517 uncoated activated carbon, see
[12 ). Such particles could not be removed by conven-
tional filtration methods.

Discussion and conclusions

The preliminary work reported here indicates: /)
polymer particulate matter is released from at least some
PVC roller pump tubing segments when pumped with a
“‘just occlusive’’ roller pump; 2) particle release by
well-washed, well-prepared and properly selected acti-
vated carbon is about 200 to 1000 times below the level
required for routine histological detection and a factor of 1
to 100 (by weight) less than that generated by PVC pump
tubing segments; 3) particle release by coated carbon is
considerably lower than that for uncoated carbon, and is
greatly dependent on the type of coating.

In addition, we know that PVC contains 30 to 50%
plasticizer, commonly dioctylphthalate [18]. The dio-
ctylphthalate is readily leached and released into the or-
ganism, and there is growing evidence that dioctylphtha-
late is relatively toxic [19]‘ Thus, one can suspect that
PVC particles released into an organism will function as a
local “‘drug’’ release system, releasing dioctylphthalate
to the organism., It is thus possible that PVC particles may
have physical and chemical effects on the organism. If we
insist on composing a list of potential uremic toxins, PVC
particles and dioctylphthalate should at least be consi-
dered.
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s imperative that particle release by extracorporeal

circuits be quantitated and minimized.
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ABSTRACT

A technique based on the measurement of streaming potentials has been
developed to evaluate the electrokinetic region of the cell periphery. This
approach is feasible for cell lines propagated in in vitro cell culture in mono-
layer form, The advantage of this system is that cells may be evaluaied in
the living state attached to a substrate. Thus it is not necessary to subject
the cells to enzymatic, chemical, or mechanical trauma required to obtain

g monodisperse suspensions which are then normally evaluated by microelec-
trophoresis. In this manner it should be possible to study the influence of
substrate and environmental factors on the charge density and potential at
the cell periphery. The apparatus and procedure are described as well as
some results concerning the electrokinetic ({) potential of borosilicate capil-
laries as_a function of ionic strength, pH, and temperature. The effect that
turbulence and entrance flow conditions have on accurate streaming potential
measurements is discussed. The -potential of BALB/c 3T12 fibroblasts has
been quantitated as a function of pH, ionic strength, glutaraldehyde fixation,

and Giemsa staining.

The electrokinetic properties of monodisperse sus-
pensions of blood cells have been comprehensively in-
vestigated, Electrokinetic studies have been carried out
on erythrocytes as a function of pH, ionic strength, and
anion binding (1), various chemical ifreatments (2, 3),
and proteolytic enzyme exposure (4). Similar studies
have been conducted on lymphocytes (5), leukocytes
(6, T), and platelets (8). Seaman and Heard (9) have
modified a microelectrophoresis apparatus originally
designed by Bangham et al. (10) for analysis of biologi-
cal materials in monodisperse form.

However, the great majority of cell types are not
free and monodispersed in their natural state but,
rather, are intimately associated in tissues. Investiga-
tors have attempted to characterize cells from in vivo
sources (11) and cells from in vitro tissue cultures (12)
using the microelectrophoresis technique. This usually
necessitates a dissolution of the tissue or cell monolayer
by mechanical, chemical, or enzymatic means to yield
a monodispersed suspension. The assumption that such
treatments do not significantly alter the peripheral re-
gion of the cells and thus their electrokinetic behavior
is unsound. Ponder (13) and Seaman and Heard (14)
have shown that trypsinization significantly reduces the
electrophoretic mobility of human erythrocytes. Sea-
man and Uhlenbruck (4) extended this analysis to a
number of proteolytic enzymes and erythrocytes de-
rived from a variety of species. In most instances there
was a significant alteration in measured electrophoretic
mobility. Also, it is possible that the association of cells
in tissues or monolayers in in vitro culture results in
profound alterations in their electrokinetic properties
compared to those commonly observed in suspension
microelectrophoresis.

The initial objective of this research was to develop
an apparatus and experimental technique which could
directly measure the electrokinetic properties of cells
grown in in vitro tissue culture. The approach chosen
was based on the streaming potential phenomena origi-
nally quantitated by Helmholtz and Smoluchowski
(15) and explained in some detail by Davies and Rideal
(16),

The relationship between the measured streaming
potential and the potential at the hydrodynamic shear

Key words; {-potential, cell periphery, borosilicate, entrance
effects.

plane, the zeta (¢)-potential is given as

4; Estr 2K
ps [ KB-{-——S'] [1]
€ P (15

where 7 and e are viscosity and dielectric constant, re-
spectively, in the diffuse double layer, Estr is the
streaming potential measured across the streaming
capillary, P is the pressure difference across the capil-
lary responsible for the flow of electrolyte, a is the
radius of the capillary, and Kp and K; are the specific
bulk and surface conductance. The ¢-potential can be
calculated from measurements of streaming potential
and driving pressure if surface conductance is ac-
counted for., This is accomplished by utilizing Eq. [2]

4 Estr C

= = [2]
€ PSR

Here C is a predetermined system constant and R is
the measured a-c resistance of the capillary-electrolyte
system.

Normally Eq. [2] is utilized when ionic strength is so
low that surface conductance comprises a significant
proportion of the total conductance. At high ionic
strengths, i.e., physiological electrolyte concentrations,
surface conductance is negligible compared fo the total
conductance, and Eq. [1] simplifies to Eq. [3]

4mKg Esir
e [31
€ P

Kz can then be determined in a standard conductivity
cell utilizing platinized gray platinum electrodes. Vis=-
cosity and dielectric constant in the diffuse layer are
assumed to be equal to bulk values; however, this is
probably incorrect according to Hayden (17).

Ball and Fuerstenau (18) have reviewed the stream-
ing potential literature in regard to Estr/P data. They
have concluded that, due to as yet unexplained flow
and asymmetry potentials common to a wide variety of
electrode types, the slope of the loci of Estr data at a
number of driving pressures in opposite flow directions
(AEstr/AP) should be utilized in Eq. [1], [2], and [3].
This has been the case in this research where the loci
of streaming potential data as a function of driving
pressure in both flow directions have been fitted to a
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linear regression best fit straight line using a Hewlett
Packard (Model 9820A) programmable calculator,

Apparatus

The streaming potential apparatus is illustrated in
Fig. 1. It is composed entirely of borosilicate (Corning
7740) glass with the exception of two sections of Silastic
(Dow Corning polydimethyl siloxane medical grade)
tubing (F) used to connect the streaming capillary
(E) to the electrode chambers (C). The electrodes are
of the silver, silver chloride type and are prepared by
the anodic electrolytic deposition of an AgCl coating on
a silver wire (A. D. Mackay, New York). The wire
electrodes are in the form of a spiral and are epoxied
inte 7/15 ?‘{ glass joints which mate with the electrode
chambers. Two 200 ml reservoirs (A) serve as con-
tainers for the streaming fluid and are connected to the
electrode chambers (C) and an N; pressure source via
section B. Section D is a dip tube extending to the bot-
tom of each reservoir. Sections A, B, C, and D are con-
necled together via 7/15 and 19/22 $ glass joints and
were made small enough to be rf glow discharged prior
to each streaming experiment.

The reservoirs are positioned in a constant tempera-
ture bath and stirring can be accomplished with a mag-
netic stirrer. The system pH (Corning Model 12 pH
meter and glass electrode combination) and tempera-
ture (0-100°C, accurate to 0.1°C) can be monitored
continuously. Purified N» gas (99.999% pure) serves as
a pressure source utilized to drive the streaming fluid
through the capillary. The four-way ball valve (V)
(Whitey Model B-43YF2) simultaneously exposes one
reservoir to Na driving pressure and the other to atmo-
spheric pressure. A 90° rotation of the valve applies
pressure to the opposite reservoir and reverses the elec-
trolyte flow. Pressure is adjusted with a two-stage
oxygen regulator (Matheson Gas Products Model 3104)
with an adaptor for Ny and a Tycos pressure gauge (T)
(0-300 mm Hg, accurate to 1 mm Hg), The components
of the pressure drive system are connected to the
streaming apparatus via Silastic tubing. The streaming
potential is measured with a high input impedance
digital electrometer (Keithley Model 616), and the re-
sistance or conductance of the streaming fluid is mea-
sured with an a-c bridge at a frequency of 1 kHz (Gen-
eral Radio Model 1650B). The streaming apparatus is
electrically isolated from extraneous electrical signals
by a Faraday cage (copper screen 50 mesh/in.) (FC).

Procedure
Streaming potential data were obtained by measuring
streaming potentials at a driving pressure of 2 cm Hg,
then reversing the flow direction and repeating the
measurement. The driving pressure was increased by
2 cm Hg and streaming potentials were again measured
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Fig. 1. A schematic diagram of the streaming potential apparatus
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in both flow directions. This process was repeated until
the driving pressure reached 12-14 ecm Hg. The slope,
AEsir/AP, of the best fit straight line was utilized in
Eq. [3]. Solution specific conductance was deter-
mined in a precalibrated cell with platinized platinum
electrodes. The cell constant, C, of the streaming capil-
lary and the conductivity cell were predetermined us-
ing a 0.1N KCIl solution of known specific conductance
(19). Following streaming measurements, the resist-
ance of the capillary electrode system was measured
with the a-c bridge. In most instances where ionic
strength was high, solution conductance masked sur-
face conductance and Kp was determined in a con-
ventional conductivity cell. Equation [3] was then
utilized. This was the case for all data reported here.

Radio frequency glow discharge (RFGD) of the
streaming cell components was carried out to eliminate
problems with surface contamination which occasion-
ally developed. RFGD (Commercial Plasmod System,
Tegal Corporation, Richmond, California) in argon
gas at 100 um Hg and an rf power density of 50W for
5 min was highly effective in removing surface con-
tamination.

All chemicals utilized were analytical reagent grade
(Fisher Scientific Company, Fairlawn, New Jersey).
Water used in this study was twice distilled over Pyrex
glass (Corning Still Model AG-11) and had a conduc-
tivity of 1 = 0.1 umho/cm. Phosphate buffered saline
(PBS) was made up as 0.145M NaCl, 2 x 10—4M
KHsPOy, and 8 x 10—4M Na;HPO; using twice dis-
tilled water. Glutaraldehyde was employed as a fixa-
tive in a 2% (v/v) solution in PBS (obtained in puri=-
fied form as an 8% (v/v) unbuffered aqueous solution
sealed under pure N; from Polysciences, Incorporated,
Warrington, Massachusetis). Giemsa biological stain
(Fisher Scientific Company, Fairlawn, New Jersey) was
utilized at 109% (v/v) in twice distilled water. Nigrosin
(Eastman Organic Chemicals, Rochester, New York)
dye exclusion was used as a test of membrane viability
at a concentration of 1% (wt/v) in PBS. Dulbecos
modified Eagle Medium (Grand Island Biological Labs)
supplemented with penicillin (100 units/ml), strepto-
mycin (100 mg/ml), and 20 mM HEPES (N-2-hy-
droxyethyl piperazine-N-2-ethane sulfonic acid, ICN
Pharmaceuticals, Cleveland, Ohio) buffer was utilized
as the cell culture medium and will be referred to as
DMDM. Fetal bovine serum (fbs) was added as specified.

An established line of BALB/e 3T12 mouse fibro-
blasts (noncontact-inhibited, tumorigenic cells) were
cultured to confluency in borosilicate capillaries 600 ==
20 ym ID. The cells were harvested from milk dilution
bottles by trypsinization [6 ml of 0.25% (v/v) trypsin],
resuspended in DMM supplemented with 10% (v/v)
fbs, and centrifuged at 200g for 5 min. The cells were
then resuspended in DMM, counted in a hemocytom-
eter, washed in DMM twice, and resuspended at a seed-
ing concentration of 1 X 106 cell/ml in DMM. The cells
were seeded by drawing the cell suspension into the
capillary using a 1 em? syringe. Both ends of the capil-
lary were capped with Silastic tubing and clamps; the
capillary was placed in an incubator at 37°C, 90%
humidity, and 95% air/5% COs for 20-30 min. This was
sufficient time to allow the cells to contact and form
an adhesive bond with the glass surface. Fresh DMM
supplemented with 10% (v/v) fbs was then drawn into
the capillary. After approximately 5-10 hr the capillary
was removed from the incubator and reseeded in an-
other position on the internal circumference in the same
manner. Four to five cell seedings over a 24-36 hr
period were sufficient to get a uniform distribution of
cells on the interior of the capillary. Glass syringes of
30 ml capacity were attached to each end of the capil-
lary via Silastic rubber tubing. Supplemented medium
(DMM, 10% fbs) was continuously perfused through
the capillary at a flow rate of 0.5 ml/hr using a Sage
syringe pump (Sage Instruments Model 341). This was
sufficient to keep the cells metabolically and mitotically
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Table I. Composition of aqueous electrolyte utilized in
electrokinetic evaluation of living cells

Millimoles/L

J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY

Component of component

NaCl 133.00
CaClz 1.80
KCl 5.36
MgS0; - 7TH:0 0.81

POy 0.20
Na:HPOs 0.80
D-glucose ( anhydrous) 5.55

active, and after 24-36 hr the cells had proliferated to
monolayer density.

The capillary was removed from the perfusion ap-
paratus and rinsed in 5 ml of cell streaming solution
(Table I) at 5 ml/min. It was then inserted into the
streaming apparatus and evaluated within 10-15 min.
Following this, the cells in the capillary were fixed in
a 2% (v/v) glutaraldehyde PBS solufion for 30 min
at 37°C. After fixation the electrokinetic properties of
the cells were evaluated as a function of pH and ionic
strength. When the electrokinetic evaluations were
completed, the cells were stained in a 10% Giemsa
solution in distilled water, reevaluated electrokinet-
ically, and photographed in both transmitted light and
ithe scanning electron microscope. The cells on glass
substrates were post fixed in 1% osmium tetroxide PBS
solution at 37°C for 15 min, dehydrated in a graded
series of ethanol water solutions, critical point dried
in liguid CO,, mounted, coated with carbon and gold,
and observed in a Cambridge stereoscan scanning elec-
tron microscope.

For streaming studies on glass and cell monolayers as
a function of pH, pH was adjusted with solutions of
NaOH or KOH and HCI having the same ionic strength
as the streaming solution. In all studies where pH was
maintained constant, phosphate buffer (2 x 10-5M
KH>POs, 8 x 10—5M NasHPO4) was added to the
streaming electrolyte, The temperature was maintained
constant at 24°C in all studies.

Results and Discussion

Preliminary investigations concerning the effect of
capillary geometry on measured streaming potential
indicated a linear decrease in AEstr/AP as the length of
the capillary decreased. This was at odds with the con-
clusion inherent in the derivation of the streaming po-
tential equation in that capillary geometry should not
affect the streaming potential. An analysis of flow tur-
bulence and entrance effects on streaming potential was
carried out to determine the cause of the discrepancy.

Figure 2 is an Estr vs. P plot for two streaming tubes.
Tube A is 600 upm ID and 30 cm in length, while tube
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Fig. 2. Estr ys. Pdriving or two borosilicate capillaries A and B,
The streaming solution was 0,01M KCI buffered to a pH of 7.
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B is 1250 ym ID and 30 cm long. In the case of tube A
the data is linear and the slope (AEstr vs. AP) is equal
in both flow directions. Measured flow rates and sub-
sequently calculated Reynolds numbers indicated lamj-
nar flow throughout the measured pressure range for
tube A. In the case of the larger tube (B), the data at
low driving pressures is linear and the slopes are equal
in both flow directions; however, at a pressure of 14 cm
Hg the flow becomes turbulent (R > 2000) and the data
becomes nonlinear at higher driving pressures. This
seems to indicate a marked deviation in the AEstr/aP
data obtained if the flow changes from laminar to
turbulent. This is at odds with data published by others
(19) for turbulent flow in agueous systems. One can
also see a difference in AEstr/AP for tubes A and B
which would seem to indicate that turbulent flow is
not the only cause of deviations in the calculated ¢-
potential for tubes of various sizes,

The results of streaming potential studies on boro-
silicate capillaries as a function of length and internal
diameter are shown in Fig. 3. Each tube was evaluated
at its greatest length and then successive portions were
removed and it was reevaluated, This was continued
until no tube remained. The only variable was length
since n and e are assumed constant and Kg greatly pre-
dominated over K. at this high ionic strength (0.01 g
ions/L). Capillaries B (1284 -+ 34 um ID) and C (595
= 15 ym ID) were commercial borosilicate; there was
no significant variation in ID along the length. Both
capillaries exhibited a constant AEstr/AP value until a
critical length was reached whereupon there was a
marked drop in AEstr/AP. The critical length (L.) at
which this occurred was 58 cm for tube B and 20 em for
tube C. Capillary A was hand drawn from a larger
tube. There were significant variations in ID along its
length. Points 1 and 2 shown in Fig. 3 were obtained
when the capillary was 190 = 12 vm 1D, while equi-
valent lengths taken from the center of the tube gave
lower AEstr/AP values and had an ID of 160 =+ 5 .m.
This would seem to indicate that at lengths less than
some critical length the diameter and length of the
streaming capillary markedly affect the measured
streaming potential, while at lengths greater than L.
minor variations in diameter and length have no mea-
surable effect.

The onset of turbulent flow does not seem to cause
this behavior since flow was laminar in all cases for
tubes A and C and there seemed to be no significant
effect due to turbulent flow for tube B. If one compares
the measured flow rates, @m, in the three tubes with
the theoretical flow rates, @i, calculated using Poise-
uille’s law as expressed in Eqg. [4]

art dP

=t 4
Q: 8 v X [4]

AEg, /AP (mv/cmHg)

8 -] 24 32 40 48 56 64

CAPILLARY LENGTH (cm)

Fig. 3. AEstr/AP vs. streaming tube length for three borosilicate
tubes A, B, and C. The streaming solution was 0.01M KCI buffered
to a pH of 7. Error ranges correspond to one standard deviation,
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where 7 is the tube radius, n is the fluid viscosity, and
dP is the pressure drop across a flow length dX, it is
found that @; and @mn dre equal until the eritical length,
L., is reached, i.e., 20 cm for tube C and 58 cm for tube
B. I can be concluded from this that the streaming data
and calculated ¢-potential are independent of capillary
geometry (the variations in plateau values of AEstr/AP
are expected since the fubes were from different
sources and most probably had different surface his-
tories) as long as Poiseuille flow exists. This is what
Helmholtz predicted as Bocquet has pointed out (20).
Poiseuille flow actually requires that four basic condi-
tions exist, i.e., the flow is steady, incompressible, lami-
nar, and established.

Many investigators have simply ignored the estab-
lished flow criteria. It takes a certain length, L, past
the entrance of a cylindrical flow system, to establish a
parabolic velocity profile during steady laminar flow of
an incompressible fluid. The value of L. has been found
both experimentally (21) and theoretically (22) to be
given by Eq. [5]

L. ~ 0.06RD [5]

Here R is the Reynolds number and D is the diameter.
On the basis of this analysis, it seems that if L. is
greater than 10 = 1% of the total streaming tube
length, the AEstr/AP ratio and subsequently calculated
¢-potential will be anomalously low.

Electrode asymmetry at high ionie strength can de-
velop, particularly if the electrodes have aged appreci-
ably over the course of several months’ use, and if they
have been exposed to protein or other adsorbable
solutes. This is illustrated in Fig. 4. Curves 8B through
12B were obtained utilizing silver, silver chloride elec-
trodes which had previously been exposed to a stream-
ing capillary with a surface of adsorbed fetal bovine
serum. The asymmetry developed at that time. It was
absent in earlier experiments at high ionic strength
(0.1 g ions/L) where protein was not present (not
shown). The asymmetry diminished with continuous
streaming of electrolye in approximately 30 min (8B-
10B). As long as streaming continued, the slope AEstr/
AP (10B-12B) remained constant.

If flow ceased for any length of time, asymmetry re-
appeared and it required another 30-40 min of stream-
ing to obtain good linearity and reproducibility. At
lower ionic strength (0.01 g ions/I.) the asymmetry
was not evident (1B and 4B, Fig. 4). When fresh elec-
trodes were prepared and protein contamination was
absent, there was no deviation from linearity at low
ionic strength (0.01 g ions/L) or high ionic strength
(0.1 g ions/L) as shown in Fig. 5.

The asymmetry exhibited by aged silver, silver
chloride electrodes at high ionic strength may be due

f
88 37 a8
o 38
4 [ ] o’
L—R Pdriving (cmHg) e

Fig. 4. Estr vs. Pdriving for a borosilicate capillary. The stream-
ing solution was 0.IM KCI (unbuffered) for curyes 8B-12B and
0.01M KCI (unbuffered) for curves 1B and 4B.
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L—R

Fig. 5. Estr vs. Pdriving for a borosilicate capillary. The stream-
ing solution was 0.1M KCL. 13C was immediately after chloridization
while 9C was after equilibration and short-circuiting in streaming
solution for 30 min.

to protein adsorption in the pores of the AgCl coating.
Janz and Ives (23) maintain that silver may form
stable complexes with amino and sulthydryl groups of
organic molecules which can compete with the insolu-
bility of the AgCl thus negating the proper functioning
of the electrodes. It has also been suggested (23) that
10-25% of the silver should be chloridized to AgCl to
produce electrodes having good reproducibility and
stability. The electrodes exhibiting asymmetry prob-
lems had only 1% conversion (assuming 100% current
efficiency) of Ag to AgCl. Srinivasan (24) has recom-
mended that silver, silver chloride electrodes be pre-
pared in a slowly alternating a-c fashion utilizing
anodic deposition of AgCl and cathodic current to in-
crease surface area by enhanced pore formation. The
above recommendations were followed. Silver, silver
chloride electrodes were prepared electrolytically with
a slowly alternating current (5 min anodic, 2 min
cathodic, etc.) ; the gross surface area per electrode was
1 cm? and the net anodic current density time produect
was 6.9 A-sec/cm?2 There was a theoretical conversion
of silver to silver chloride of 16%. Electrodes freshly
prepared in this fashion are stable and have never
shown prolonged asymmetry at high ionic strength
even upon protein adsorption.

Figure 6 comprises 4 SEM micrographs of silver,
silver chloride electrode surfaces. The general shape of
the electrodes used in this study are shown in Fig. 6a.
They consist of silver wire coils 6 mm long and 3.8 mm
OD. The gross surface area is 1 em?2 Figure 6b illu-
strates the AgCl surface of a freshly prepared electrode
(anodic 5 mA/cm? for 4 min, 1% conversion of Ag to
AgCl). A number of pores can be seen as well as some
microgranularity on a cobblestone surface, Figure 6e is
the same electrode after approximately 3 months use.
This was the same electrode which developed asym-
metry at high ionic strength and protein exposure. The
cobblestone appearance is still partially evident: how-
ever, much of the pore structure and all of the micro-
texture are lost. The pores between the cobblestones
are now replaced by smaller pores in an incomplete
cobblestone structure. Figure 6d is the surface of a
freshly prepared electrode employing the alternating
anodic and cathodic deposition of AgCl previously de-
scribed. The highly porous structure obviously in-
creases the surface area available for current transport.
Electrodes prepared in this manner have not exhibited
asymmetry at high ionic strength and exposure to
protein solutions as long as they are equilibrated sev-
eral hours prior to use.

The calculated {-potential of borosilicate glass as a
function of temperature is shown in Fig. 7. The stand-
ard deviations at both ionic strengths are rather large,
particularly for 0.1M NaCl. This is due primarily to the
variation in AEstr/AP slopes obtained at various tem=-
peratures and not so much to the inability to get ac-
curate slopes at constant equilibrium temperatures. Due
to the wide standard deviations it can only be con-
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Fig. 6. SEM micrographs of silver, silver chloride electrode surfaces

cluded that there is no statistically significant variation
in ¢ as a function of temperature.

The variation in ¢-potential with pH for borosilicate
glass is shown in Fig. 8. The data indicates that boro-
silicate has a pKa of ~ 5.7 assuming that all the surface
charge is due to the ionization of ionogenic = Si-OH
(silanol) groups in the hydrated region of the glass.
This is at variance with the data of Hair and Hertl (25)
and Marshall et al. (26) which suggests a pKa for sur-
face silanol groups of 7.1-7.2, However, it is quite prob-

i } 7 - 5
_f R IR OR R
E-GO: E £J+*}__
_J -s0r
= P
= { I
§-30_ l %

Wzl i

TEMPERATURE (°C)

Fig. 7. Calculated {-potential of borosilicate glass as a function of
temperature. Streaming solution was 0.01M KCI (@) and 0.1M NgCl
(Q); both solutions were buffered to a pH of 7.0. Error ranges
correspond to one standard deviation,

able that high concentrations of hydronium ions exist
in the hydrated surface region of the glass due fo
cation exchange. If this were the case, the {-potential
at acidic pH could be considerably less than that oe-
curring as a result of charge generation purely by iono-
genic silanol groups. The result would be an apparent
shift in pKa. A second cause of the discrepancy may
be due to the presence of boranol groups (= B-OH) in
significant numbers at the hydrated surface of boro-
silicate glass. The proportion of boron to silicon in the
porous surface may be as high as 1:3 rather thap 1:18

oot
Bo@
T
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Fig. 8. Calculated {-potential of borosilicate glass as a function
of pH. Streaming solution is 0.01 KCl. The pH was dltered with
KOH and HCI solutions of the same ionic strength.
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as expected in the bulk (27). The pKa of boranol
groups is 5.1 and this would also tend to shift the re-
sultant surface pKa to a more acidic region.

Figure 9 illustrates the increase in ¢-potential with
decreasing ionic strength (KCl) at constant pH (7.1)
and temperature (24°C). The linear portion of the
curve corresponds to the expansion of the electrical
double layer as ionie strength decreases. At an ionic
strength of less than 3 X 10-¢ g ions/L there is a
deviation from linearity due to the onset of surface
conductance which was not accounted for in the cal-
culation of ¢ This is in agreement with the detailed
analysis of surface conductance made by Rutgers and
DeSmet (28) and Li and DeBruyn (29).

Streaming potential studies on living 3T12 cells were
carried out using cell streaming solution as described
in Table I. It was necessary to incorporate divalent
cations and glucose in the electrolyte to maintain good
cell substrate adhesion during streaming since the high
flow rates (typically 10 em3/min) are sufficient to shear
off cells with altered adhesive properties. Even in the
solution used, the cells begin to lose adhesiveness after
approximately 20 min. For this reason streaming evalu-
ations on living cells were limited to 10-12 min. Nigro-
sin staining (30) of 3T12 cells indicated that their
membranes retained semipermeability for more than 60
min in streaming solution, even though most cells had
retracted off the surface in monolayer sheets. Appar-
ently, the cells sacrifice cell-substrate bonds rather than
cell-cell bonds and retain membrane function and via-
bility even after 60 min of exposure to streaming solu-
tion at room temperature. The ¢-potential of living cells
was —28.8 = 2.5 mV (streaming solution Table I, ionic
strength 0.145, pH 7.3, temperature 24°C). Following
2% glutaraldehyde fixation, the ¢-potential dropped to
—17.6 = 2.6 mV under the same conditions. The de-
crease in electrokinetic potential following glutaralde-
hyde fixation may be due to a loss of free draining vol-
ume in the cell periphery, that is, the region of hydro-
dynamic slip containing a portion of the peripheral
charge is eliminated due to glutaraldehyde cross-link-
ing of membrane protein, thus preventing the detection
of this charge by electrokinetic techniques. Following
fixation the cells were evaluated as a function of ionic
strength and pH.

The effect of pH on fixed 3T12 cells is shown in Fig.
10. Ionic strength was constant at 0.01 g ions/L (NaCl).
In a gualitative sense the data is similar to that of Vas-
sar et al. (3) for fixed human erythrocytes. In the
plateau region from pH 7 to 10 there is no variation in
{-potential; however, there is a precipitous and quite
linear decrease in {-potential below pH 6 indicating the
presence of an ionogenic molecular type(s) with an
acidic pKa of 4.5 or less. There is no indication of an

C-POTENTIAL (mv)
g

I i1 Il L 1 1 1
ot 102 a2 o

IONIC STRENGTH

Fig. 9. Calculated {-potential of borosilicate glass as a function
of ionic strength. The streaming solution is KCI buffered to a pH
of 7.1.
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Fig. 10. Calculated ¢-potential of 3T12 cells cultured in boro-
silicate capillaries following fixation in glutaraldehyde. The
streaming solution was 0.01M NaCl. The pH was altered with NaOH
and HCI solutions of equal ionic strength,

ionogenic species of pKa ~ 6.5 due to glutaraldehyde
fixation as reported by Vassar et al. (3). This discrep-
ancy is further accentuated when it is realized that
glutaraldehyde fixation caused a 38% decrease in the
{-potential of 3T12 fibroblasts, while it resulied in
about a 109% increase in electrophoretic mobility of
human erythrocytes. However, when making compari-
sons of this sort and attempting to see relationships, it
should be kept in mind that at least two variables could
and probably do invalidate any present attempt at
comparison. (i) Different electrolyte components, ionic
strengths, and buffers were utilized. (ii) Cell types
evaluated were different.

The {-potential as a function of ionic strength (NaCl)
relationship for fixed 3T12 cells is shown in Fig. 11, The
expansion of the double layer at lower ionic strength
results in a higher ¢-potential. The increase is quite
linear, and there is no indication of the predominance
of surface conductance at low ionic strengths (1 x 102
g ions/L). This data is similar to that of Heard and
Seaman (1) for unfixed human erythrocytes; however,
in the case of 3T12 cells, the slope over the ionic
strength range 0.1-0.01 g ions/L is not as steep as is
the case for the erythrocytes. Here again the differences
between cell type, fixation, and the presence of sorbital
during microelectrophoresis prevents direct compari-
s0m.

Following the evaluation of the 3T12 electrokinetic
surface, i.e.,, that region of the cell periphery within
~ 10A of the hydrodynamic shear region, several

2ol
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Fig. 11. Calculated {-potential of 3T12 cells following fixation
in glutaraldehyde as a function of ionic strength. Streaming solu-
tion was NaCl buffered to a pH of 7.3.
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streaming experiments were repeated under identical
conditions of ionic strength and pH. There was no sig-
nificant deviation from original data after 5 days stor-
age in PBS. This would seem to substantiate the as-
sumption that glutaraldehyde fixation produces a stable
cell membrane in the electrokinetic sense. The cells
were stained in Giemsa to enhance microscopic evalua-
tion of the uniformity of the 3T12 cell layer. Giemsa
staining at 25°C for 8 min resulted in a 20% reduction
in calculated g-potential, i.e., —46.2 &= 1.3 mV to —36.7
+ 0.8 mV (0.01M NaCl, phosphate buffer, 25°C, pH 7.2).

Comparative scanning electron micrographs of
stained and unstained 3T12 monolayers indicated that
Giemsa-stained cells were altered morphologically.
Nonstained cells were well spread and in contact with
the substrate, while stained cells had a more rounded
appearance and had lost some contact with the glass.
The decrease in {-potential may have been due to the
effect of Giemsa stain on the cell periphery or the al-
tered morphology of the cells. Giemsa is composed of
Azure TII, Eosin, glycerin, and methanol and any of
these may have been the cause of the decrease in ¢.

Recently, a technique of evaluating cells cultured in
capillary tubes utilizing electroosmosis has been re-
ported by Fike and Van Oss (31). The advantage of this
approach is that the cells may be evaluaied for long
times in the living state; however, the disadvantage is
that the ionic strength must be an order of magnitude
lower than physiological to obtain accurate measure-
ments.

In conclusion, a streaming potential apparatus and
technique have been developed which make it possible
to evaluate the electrokinetic properties of cells grown
in in vitro cell culture. The results for borosilicate glass
substrate and 3T1Z mouse fibroblasts cultured o con-
fluency on this substrate attest to the feasibility of the
approach. The usefulness of various electrokinetic
techniques applied to investigations of cell membranes
has been established. Microelectrophoresis, streaming
potential, and electroosmosis have all been utilized on
various cell types, but no single technique seems fea-
sible for a detailed study of a wide variety of cells
under all conditions. Rather, the three mentioned tech-
nigues must be utilized in conjunction to gain a more
complete understanding of the similarities and differ-
ences in cell membranes over a wider range of cell
types.
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Flat Plate Streaming Potential Investigations: Hydrodynamics
and Electrokinetic Equivalency
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The accurate measurement of streaming potentials in either capillaries or flat plate systems
requires Poiseuille flow, i.e., low must be steady, incompressible, laminar, and established. The
established flow stipulation is rarely addressed yet it is of critical importance. OQur findings sug-
gest that while the onset of turbulence causes no abrupt change in the streaming potential, flow
must be established throughout at least 90% of the flow field for accurate streaming
potential measurement. The development of a flat plate flow system based on (1 x 25 x 75) mm
plates is discussed in light of the hydrodynamic requirements. The electrokinetic equivalency
between plates and capillaries of the same material is discussed and the small discrepancy is
attributed to surface roughness and possible differences in surface chemical composition.
The flat plate system offers substantial advantages over capillaries in that both surface treatments
and analyses via a variety of quantitative techniques are greatly facilitated.

INTRODUCTION

The measurement of a streaming potential
across a porous plug or capillary can provide
information concerning both the zeta-poten-
tial, s, and the net charge density, o, at the
hydrodynamic shear plane. Such electrical
parameters may be important factors
governing the biocompatibility of prosthetic
devices exposed to blood or tissue (1). The
streaming potential and thus i, is valid and
independent of flow geometry only if certain
hydrodynamic stipulations are met, i.e.,
fluid flow must be steady, incompressible,
laminar, and established (2). The last two
conditions generally limit the applicability
of streaming measurements to long capillary
tubes or porous plugs of compacted par-
ticles or fibers. Consequently, the surface
under investigation cannot be easily probed
by wvarious other quantitative surface
techniques.

Our approach to this impasse has been to
develop a streaming cell configuration based
on flow between two flat, parallel plates.
This simplifies substrate preparation involv-
ing macroscopic plates rather than capil-

-
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laries or small particles. However, the
major advantage is the greatly facilitated
utilization of a variety of quantitative sur-
face analysis techniques to study the same
surface, i.e., streaming potential, ellip-
sometry, total internal reflectance fluores-
cence, light and electron microscopy, and
X-ray photoelectron spectroscopy (XPS).
Such a plate approach has recently been
utilized by DePalma to study the ad-
sorption of fibrinogen on germanium sub-
strates (3).

This paper describes a streaming cell
system designed for the electrokinetic
analysis of both capillaries and fiat plate
samples. Hydrodynamic limitations and
results for both capillary and flat plate
systems are discussed and some com-
parative analyses of similar glass sub-
strates in capillary and plate form are
presented.

STREAMING POTENTIAL EQUATION:
FLAT PLATE GEOMETRY

The following derivation of the streaming
potential equation is based on that of a

305
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cylindrical conduit (4) (see also Ref. 3). The
flow system consists of two parallel plates
of length L and width C separated by
a distance 2b where L > C > 2b (Fig. 1a).
Poiseuille conditions prevail throughout the
system, i.e., the flow is steady, incom-
pressible, laminar, and established.

The following equation describes the
parabolic velocity profile between the plates

VAN WAGENEN AND ANDRADE

as derived by Eskinazi (5)

P
V=——(2—b 1
m (6 ) (1]

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

Fig. 1. (a) Coordinate system schematically depicting established laminar flow between two
paraliel plates of length L, width C, and spacing 25. (b) Block cell design for parallel plate streaming
potential measurements showing electrode ports, flow ports, and a Teflon gasket which serves as a

plate spacer.
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— === 2]
dy nL L
Ordinarily, the effective thickness of the
diffuse ionic atmosphere, «!, is much
thinner than the macroscopic thickness of
the conduit and the velocity, V, at any
distance, s, away from the wall (s = b — y)
is obtained by integrating Eq. [2] over s,

sz(d_v) T L I
0 dy u=h "?L

The charge transported by the flowing
electrolyte is the streaming current, I,.

(dv’) _yP _bP
u=b

s=0

Iy =2C J psVds. [4]

a=0
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 the Poisson equation

—4arp;

V= ; [5]
€

€ is the dielectric constant. Substitution of
Egs. [5] and [3] into Eq. [4] gives Eq. [6]
assuming that the dielectric constant and
viscosity are invariant with s in the mobile
charge region.

(6]

jr:;tr =

PebC J s a*v

- sds
2mnL )—, ds?

Integration by parts gives,

£y PEbCl[S d‘PT#’
2L ds

Two boundary conditions are invoked for
the solution of Eq. [7]. When b is much
greater than x~* the potential, s, and gradi-
ent, diy/ds, are zero aty = 0. Also, the po-
tential at the hydrodynamic shear plane near
the wall is termed the zeta-potential, .
Equation [7] becomes

PebCys,

Lm———2 8
t ol (8]

This streaming current generates a stream-

Ll

k, [ﬂf]‘;zis]. 7]

g=0

ing potential, E;.. At equilibrium the stream-
ing current is balanced by a back current,
I,, having both bulk and surface con-
ductance components, Kz and Kg, re-
spectively.

_ 2bCKREg, 2CKE,

I, = + .M
b - - (9]

Equating Eqgs. [8] and [9] and solving for
Y, gives

4mnE,, K,
‘ri&:L[KB*‘ . } . 0]

Pe

Surface conductance is generally insignif-
icant except in electrolytes of extremely low
ionic strength, i.e., I' < 1072 g jons liter
(6, 7). Ball and Fuerstenau (8) have re-
viewed much of the pertinent streaming po-
tential literature and conclude that an
“‘asymmetry,”’ E,, or “‘flow’’ potential often
causes an unpredictable deviation in the in-
tercept of the E;. versus P data from a zero
value. This may be a function of both elec-
trode age and preparation. They recom-
mend that the slope, AE,. /AP, of the best
fit line for E,,, vs P data be used to calculate
;. Equation [10] then becomes

e 4K AE ;. ' [11]
eAP
Equation [11] is found to be identical to that
derived for tubular conduits (4), i.e., yy is
independent of geometry 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
aqueous electrolyte. Established flow is of
equal importance yet rarely addressed in
contemporary literature. Fluid flow in a con-
duit requires a length L, to develop an equi-
librium parabolic flow profile. For laminar
flow between two plates separated by a
distance 2b, that development length is
given (9) as

L. = 0.026bRe [12]

where Re is the Reynolds number.
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Fic. 2. Schematic illustration of the dual streaming potential system capable of analyzing plate

systems or capillaries.
EXPERIMENTAL

Figure 1b depicts the block cell used to
support sample plates accurately and repro-
ducibly. The cell consists of upper and
lower Plexiglas halves containing sample
plate channels (76 x 26 x 12.5) mm which
accommodate standard glass microscope
slides with room for a 254-um-thick sheet
of Silicone Rubber gasket which serves to
secure the plates in the channels and pre-
vent leakage at the plate—cell interface.
Cell halves (127 x 51 x 16) mm are sepa-
rated by a 100-um-thick Teflon gasket which
serves two functions: microspacing be-
tween sample plates to yield a 220:1
aspect ratio and cell leak prevention. 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 of the cell
via 7/15 ¥ glass joints. Streaming electro-
lyte flows through the cell-plate system
via 10/18 ¥ joints afixed to the lower cell
half ends.

Journal of Colloid and Interface Science, Vol 76, No. 2, August 1980
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Figure 2 illustrates the combined stream-
ing system used for the comparative study
of capillaries and sample microscope slides.
The following system components were
borosilicate glass: electrolyte reservoirs
(A), interfacing manifolds (B, E), dip tubes
(D), electrode chambers (C), and 7/15,
19/22, and 14/20 ¥ joints. Electrolyte bulk
conductance, Kz, and pH were monitored
via a precalibrated platinum electrode con-
ductivity dip cell-ac impedance bridge (Gen-
eral Radio 1650-B) and a glass electrode
(Corning 12), respectively. Small thermal
fluctuations were noted and corrections in
n and e were incorporated into Eq. [11]
since s, is invariant in the range 20-37°C if
temperature correction for n, €, and Ky are
included (2). A system of valves (VI1, V2)
regulator (V3) and Teflon stopcocks (TSC)
connected the electrolyte driving pressure
source of compressed N, (99.999% pure)
and filter of anhydrous CaSOg/granular
carbon (F') to the electrolyte reservoirs.
Electrolyte driving pressure could be di-
rected to either reservoir and consequently
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flow could pass through either the capillary
or plate system. Driving pressure was
monitored (T) with an accuracy of 0.05 cm
Hg. The system was electrically isolated
within a grounded Faraday cage (FC).
Streaming potentials were measured using
a high input impedance electrometer (Keith-
ley 616) and shielded coaxial cable.

All borosilicate components were cleaned
in dichromate-sulfuric acid, rinsed in
filtered, distilled water and ethanol, and
degreased in a Freon TF ethanol nitro-
methane azeotrope vapor. Streaming elec-
trolyte was 0.01 M KCI buffered to a pH of
7.4 via 2 x 100¢* M KH,PO,, 8 x 10* M
Na,HPO,, and doubly distilled conductivity
water.

Streaming potentials, E,. at steady flow
were measured at a number of driving
pressures, P, in both flow directions. This
cyclic data acquisition of typically 0.1 sec™
frequency minimized electrode asymmetry
polarization potentials, E,, at postflow to
several microvolts. It also served to mini-
mize differences in electrolyte levels in
both reservoirs. Electrodes exhibiting asym-
metry potentials exceeding 0.02 mV were
replaced. Following a series of measure-
ments, E,, pH, K3, and temperature were
recorded. Streaming measurements consti-
tuting a run were repeated three times to
confirm electrokinetic stability and re-
producibility.

I
8

aE,, /aP(mv/cmHg)
g 0 ;s
5§ & g
¥¢- POTENTIAL (mv}

"W
&

CAPILLARY LENGTH (cm)

Fi1G. 3. The vanation in AE,/AP and i, as a func-
tion of length for three borosilicate glass capillaries
of different internal diameter; A (160 £ 5 pm),
B (1284 = 34 um), and C (595 + 15 pm).
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FiG. 4. The variation in ¥i; as a function of length
for a borosilicate glass Microslide (C) and a Kimble
Standard Flint capillary (@).

Streaming data for both flow directions
were fitted to a least-squares linear rela-
tionship between Eg, and P via a Hewlett-
Packard 9820A programmable calculator
(see Fig. 5). All data had a coefficient of
determination, r2 > 0.99. The maximum
errors in the AE /AP ratio and calculated
Y, were typically =0.05 mV (cm Hg)™! and
+1.0 mV, respectively. The standard devia-
tion as a measure of the total technique
and sample error was obtained from meas-
urements on at least three capillaries or
plate systems and was typically +2 mV.

RESULTS AND DISCUSSION

Figure 3 illustrates electrokinetic results
(10) for three borosilicate glass (Corning
7740) capillaries of internal diameters 160
*= 5 pm (A), 1284 + 34 um (B), and 595
= 15 pm (C). In all cases, flow rates and
AE /AP were determined and a small
section was removed from each capillary
until it was consumed. The same procedural
analysis was followed when the lumen of
the flow conduit was a rectangular cross
section (300 X 3000 wm), borosilicate Micro-
slide (Vitro Dynamics), as shown in Fig. 4.
In each case, the AE, /AP ratio attains a
constant value at critical lengths, L., of 18, 52,
20, and 8 cm for A, B, C, and the Micro-
slide. Figure 4 also illustrates results for a
soft glass capillary of Kimble Standard
Flint. Again, there is a critical length
defining the end of a constant i value.

Journal of Colloid and Interface Science, Vol. 76, No. 2, August 1980
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These results appear to be at odds with
classical electrokinetic theory and research
(11, 12) which showed i to be independent
of flow path geometry. Both Helmholtz and
Smoluchowski were well aware of the
hydrodynamic stipulations embodied in
Poiseuille flow (12, 13); however, in recent
decades some investigators particularly in
biomedical research have relied 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 throughout the flow field,
and a uniform dP/dL. Such conditions are
impossible to meet completely since equi-
librium flow requires a finite distance, L.,

to develop. The classical solution is to
minimize L. with respect to L, i.e., a long
capillary or a microporous plug of particles.

Figure 5 illustrates the effect both un-
developed and turbulent flow have on
AE,/AP. The maximum standard deviation
of =0.02 mV for E, is sufficient to con-
firm that AE. /AP 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 projection based
on data below P.. On the basis of flow rates
and calculated Reynolds members, L. is less
than 10% of L 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

——
-3 LAMINAR TRANSITION TURBLULENT
E p——— FLOW———+—FLOW—4=—FLOW—
T Il 1 1 1 1 1 1 1 L 1 1 1 1 1 1 1 1 1 1 L L L 1 1
= 24 20 6 12 8 4 4 2] 12 18 20
7] TURBULENT TRANSITION LAMINAR
Ll —— FLOW —e— FLOW —h———— FLOW =

_4_

el

o

_io-

_lz—

_14-

LR RL
P (cmHgq)

FiG. 5. The variation in measured streaming potential as a function of driving pressure in both
flow directions for a borosilicate capillary 60 ¢cm long and 1100 um internal diameter.
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FiG. 6. The variation in s, for a flat plate microscope slide system as a function of plate separation,
2b, accomplished with both Teflon (O) and Silastic (@) gaskets.

indicated that flow was laminar in all cases
and that the AE /AP ratio only began to
fall when L. exceeded 10 = 1% of L.

The onset of turbulent flow seemed to
cause no abrupt variation in the AE,, /AP
values of Fig. 5. This is probably due to the
existence of a laminar sublayer at least 30
pm thick adjacent to the conduit wall. Since
«~! is at most 30 A the region responsible
for the electrokinetic phenomena is con-
tained entirely within a laminar flow region
where Poiseuille flow prevails (16). Con-
sequently, the anomalous behavior seems to
result from pressure drops associated with
entrance loss effects in conduits with sub-
stantial flow development lengths. Stream-
ing studies conducted on plugs of particles
or fibers would also be expected to display
such phenomena if packing was insufficient
to reduce L. to a minute amount of L or in
this case plug thickness.

Figure 6 illustrates the effect of entrance
region flow on Y, in a different way, i.e.,
parallel plate separation, 2b, is varied using
Teflon and Silastic Rubber gaskets while
flow length remains constant. Here again,
variations in s, occur as 2b decreases until
a plateau is reached. Flow was laminar and
calculations based on Eq. [12] again con-
firmed that when L, exceeded 10% of L
y; began decreasing. The gasket material

did not significantly affect iy, since it com-
prised only 0.5% of the total sample area
exposed to flow,

The establishment of a diffusion bound-
ary layer as discussed by Levich (17)
may be postulated as one possible explana-
tion for the variation of ,. A solute may
diffuse either toward or away from the in-
terior wall if the bulk electrolyte is not at
equilibrium with the surface, i.e., adsorp-
tion of potential determining ions or limited
dissolution of the surface. Such a phenomena
would create a time variation in Eg, at
constant P until the equilibrium establish-
ment of the diffusion boundary layer oc-
curred. Such variations in Ey, were never
observed during the course of this research.

Good agreement in plateau i, occurred
for borosilicate glass conduits regardless of
geometry as long as Poiseuille flow pre-
dominated, i.e., hand drawn capillary A,
commercial capillaries 20 cm long and 600
pm i.d., and Microslides all had a y, in the
range —93 = 3 mV (see Figs. 3 and 4). A
confirmation of the parallel plate design was
attempted by a comparative streaming study
utilizing soft glass capillaries of Kimble
Standard Flint 20 cm long and 500 wm i.d.
and soft glass plate systems based on Gold
Seal microscope slides. The i, for capil-
laries and plates differed by a —8 mV, i.e.,
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1

TABLE 1

The Approximate Bulk Chemical Composition in
Percentage of Kimble Standard Flint Capillaries,
Gold Seal Microscope Slides, and Borosilicate Micro-
slides and Capillaries Utilized in This Research®

Com- Standard flint Soft glass Borosilicate

ponent capillary microscope slide glass
Si0, 68 70 81
Na,O 15 15 4
K.0 1 Trace Trace
Ca0 5 1-2 Trace
MgO 4 1-2 Trace
Al Oy 3 1-2 2
Fe, 04 — 1-2 Trace
S0, — Trace —
BaO 2 — —
B.O; 2 — 13
TiO, — Trace =
As, 0 — Trace =

* Trace signifies presence at less than 1%.

—75.9 = 0.7 mV versus —68.3 = 0.3 mV,
respectively. An absolute methanol rinse
under ultrasonic conditions at 24°C caused
no significant change in ¢ for either the
capillaries or plate systems. Exposure to
an aqueous solution of 20% (v/v) sulfuric
acid for 12 days at 25°C did reduce iy for
both capillaries and plates, but to differing
degrees, i.e., a 24% reduction in i, for
capillaries to —57.9 = 0.8 mV and 6% re-
duction to —64.5 = 1 mV for plates. This
suggests that the surfaces of the two systems

VAN WAGENEN AND ANDRADE

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

The overall bulk chemical compositions
of the two soft glass systems are similar
although not identical (see Table I). It is
conceivable that subtle 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 with scanning
electron microscopy (SEM) was utilized to
investigate possible chemical differences in
the flat plate slides as well as the frac-
ture face and interior and exterior capillary
surfaces (see Table II). There was no evi-
dence of iron, sulfur, barium, or arsenic
and no significant compositional difference
between the capillary lumen and fracture
face which represented bulk chemical com-
position. There were significant differences
in quantitative EDAX analyses between the
capillary lumen and flat plate surfaces.
Titanium is consistently present in the
capillary lumen but absent on the slide
surface (see Fig. 7). There also seemed to
be significant differences in the aluminum,
sodium calcium, and silicon composition
perhaps resulting from differences in pro-
duction and processing treatments, e.g.,
cooling rates, environments, washing,
polishing, etc.

EDAX analyses are only an approxima-
tion to realistic “‘surface’” composition

TABLE II

Composition (Atomic Percent) of **

Surfaces’” Analyzed via EDAX*

Gold seal Standard flint Standard flint Standard flint
Element microscope slide capillary lumen capillary fracture face capillary exterior

Cr 15.7 = 0.1 148 = 1.4 14.7 £ 0.6 11.8 £ 0.5
Si 53.5 =04 50.2 = 0.5 50.9 = 0.9 543 = 0.7
Ca 52 0.2 3.8+0.2 4.1 =03 47 =03
Na 17.4 = 0.1 20.2 = 1.3 19.6 = 0.3 18.7 £ 0.9
Mg 4.5 =04 4.9 + 0.6 4.8 0.1 4.7 =02
K 0.2 =00 0.4 + 0.1 0.4 =0.1 0.5 = 0.1
Al 3405 52 =04 5.0 =04 49 = 0.5
Ti 0.0 = 0.0 0.5 0.1 0.5 0.1 0.6 = 0.1

# Data presentation [average * o] based on analysis of three distinct sites.
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F1G. 7. Scanning electron micrograph (a) and EDAX spectra (c) of Gold Seal Microscope sample
plate. Scanning electron micrograph (b) and EDAX spectra (d) of Kimble standard flint capillary.

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

Differences in sample roughness are cur-
rently the largest single unknown in the
interpretation of electrokinetic results (19).
Most real surfaces are rough at least on the
level manifesting electrokinetic phenomena,
i.e., several tens of Angstroms. An SEM
analysis of the capillary and 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 um
for the capillary lumen while the microscope

i

slide surface roughness 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 on the hundred
Angstrom scale and TEM would seem to
offer the only possibility of analysis at this
level.

CONCLUSIONS

Accurate 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 of established flow is
rarely addressed in the literature but it
seems to be of great importance. Our
findings suggest that combinations of con-
duit and fluid flow properties producing
significant entrance losses and flow estab-
lishment lengths exceeding about 10% of the
flow field under investigation will result in
anomalously low streaming potentials and
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thus erroneous zeta-potentials. The phe-
nomena of turbulent flow does not appre-
ciably alter s, probably due to the pres-
ence of a laminar sublayer adjacent to the
wall which contains the electrical double
layer.

Comparative electrokinetic studies con-
ducted on soft, soda lime glass in the form
of both plates and capillaries indicated a
10% difference in .. This discrepancy
could not be attributed to the hydro-
dynamic factors previously mentioned, but
rather is probably a reflection of true
differences in the electrokinetic surfaces
under comparison. Such differences may re-
flect the effect of slightly different bulk
chemical compositions between the capil-
laries and plates. The manufacturing and
processing conditions were probably not
identical for the glass comprising the two
systems and it is likely that any of several
proprietary surface treatments may be re-
sponsible for the observed discrepancies.
Scanning electron microscopy and EDAX
analysis both suggest that differences in
surface roughness and near surface chemi-
cal composition may be responsible for the
discrepancy in the zeta-potentials.
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Total Internal Refluctlon Tluorescenca Studles of albumin
Adsorption onto Quartz
by
R. A, Vam Wag-onen, Be J. Sdasiuk and J.0. Andrade
Separtment of Bisengincering
College ef Englucering, University of Utah
Galt Lake City, Utah 84112

introducticn

The adsorptlon of beth natural and synthetls sacro-olecules on organic

surfaces has been studie=d for many yeazs by a waristy of interfacial
technigues. Such studies have arplicability in the fields of protzin
adsorption at tha blood-biems terlals interfaca, protein scparation and
purification on chramategraphic supports, protein or polymer-s
intaractiosns, ectc.

sbranz

The optimum interfacial technigne shorld produse guantitative
tion concorning the in situ adsorpticn of pacrsooleculas in a real

informa-

contaxt wnder a variety of interfacial eondit

18, All adsorption

to date ars aprproxirotions to this op

varying dagzres of o

For instanzz, solutlca doplatizn techn

5123 yizld aceurmbz indleatizns
average surface adzorptiosn but ara oftcn not aprlicable to low surfiaze arsa
paterials of bismedizal relavance. The adzorptizn of radin-tagjed racia-
molecules is highly grantitative on Flat syrfacas but the prasence of the
foreign label ray alter phesizal propertios with a subsaguent alteratizn in
the adsorptisn bshavior. Infrared technigues guffor fram the disadqantags
of a strong water signal oversh 1 the amida band.

The above methards en*2il s antial substrats manirnlatlens such as
rinsing and relatively 12ng analy {5 rirns wirich maka dasorptinn stwlies as
well as real time adsorotisn measuzononts diffizult.
autorated rllipsorchyy can Proviaz real ti=me, in sitn 2ita on edsornticn ak
the liguid-salid interfacze with rpsalution of onz sooond.
accuracy of the ellipse=etrizally deternined film thicknoss and nptloal
propertics ars guestionable dne ta the ninigal diffzrsnze in Eha refrastive
indices betwesn the film, subatrate, adsorbing macromeloculas and liguid
media.

Total Tntermal Reflectisa Pluorsscance ' (TIFT) and its assosiated
apochrascopy (FIRFS) promise to simplify the guintitative analysis of
macronolazular adsorntiza at 3914id-1iguid interfacss.
foatura of TIRF is interfacial flnoresc:

In principle, dymanic

The eszontial
n=c induced by evaneszont wave

0T,

cucitation in tho lignid phaosc.
point of total internal raflecti
criteria boing that tho incidont

The evanescent wave originates at tha
on within the solid phasz; the ezsential
angle Q, exceced the critical angle l’.'c,

where A= sin I[ug/nil-

pefar btor Figure 1.

TIKF is a true intzrfasisl

technigue in that I;hr.-_‘r:{r.'.::i';c panatration depth of the evaneseont wave
dorg not exzacd 1503 A at A= 408 um.

Harrick and Loeb [1] pioncereg the applicability of TIFL in a study
Arponstrating the adsorption of Lovine albumin on quartz. This principle
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Streaming Potential Investigations: Polymer Thin Films
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Streaming potential evaluations were carried out on a wide variety of biopolymer and synthetic
polymer thin films supported on glass microscope slides. The film-forming and streaming evaluation
techniques are sufficiently accurate to provide reproducible results between different investigators.
Films evaluated to date include various silanes, albumins, agarose, and synthetic polymers based
on hydroxyethyl methacryle (HEMA), n-butyl methacrylate (n-BMA), and methylacrmethylate
(MMA). The effect of negative and positive charge incorporation upon the streaming potential and
thus the { potential was studied via incorporation of methacrylic acid (MAA) and both HCI and
CH,Cl salts of dimethylaminoethyl methacrylate (DMAEMA) into the neutral polymer chains of
HEMA, n-BMA, and MMA via copolymerization. Thin films of polystyrene, polydimethyl siloxane,
polyvinyl chloride, and avcothane were also evaluated successfully.

INTRODUCTION

A number of surface properties have been
postulated as having a significant influence
on protein adsorption, cell adhesion, and
prosthetic material biocompatibility, e.g.,
interfacial free energy (1), surface hydro-
philic:hydrophobic ratio (2), water structure
(3), and surface charge (4). A parallel-plate
streaming potential system has been de-
veloped (5) which allows reproducible
determination of streaming potential, E,,
and thus { potential, yy;, of any material
formable into a flat plate configuration. Such
an approach makes it possible to characterize
a wide variety of surfaces by a number of
analytical techniques and to correlate those
results with protein adsorption, cell ad-
hesion, and in vitro biocompatibility. We
here report on the electrokinetic characteri-
zation of neutral and charged synthetic and
biopolymer thin films supported on glass
substrates.

MATERIALS AND METHODS

Support substrates for all films were
standard microscope slides (25.4 x 76.2
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x 1 mm) having a typical soft glass composi-
tion: 70-74% Si0,, 14—15% Na,0, 2-6%
Ca0O, 1-4% MgO, Al,0,, Fe,0,, and less
than 1% K,0, SO,, As,O;, B,0,, and TiO,.
Both Gold Seal (Clay Adams No. 3010) and
Bev-1-edge (No. DSO, Propper Mfg. Co.)
glass slides were utilized and unless specified
otherwise were cleaned prior to film deposi-
tion. Cleaning of all glassware and slides
occurred under class 10,000 clean room and
class 100 laminar flow hood conditions and
consisted of a sequential rinse in warm tap
water containing 2% (v/v) Micro (Interna-
tional Products Corp.) cleaner followed by a
thorough rinse in running tap water, 5 min
exposure to 80°C chromic acid, four
sequential rinses in filtered (DFA 4001 ARP,
0.22-um filter, Pall Trinity Micro Corp.)
distilled water, two rinses in filtered (DFA
3001 BNP, I- to 2-um filter, Pall) absolute
ethanol, and vapor degreasing in a Freon
TES-ethanol azeotrope vapor for 5 min.
Surface silanization was essential in some
instances for adequate polymer film ad-
hesion to the clean hydrophilic glass sur-
face. The vapor-phase silanization tech-
nique was that of Haller (6) and utilized

0021-9797/81/110155-08%02.00/0
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either 5% (v/v) y-aminopropyltriethoxysilane
in anhydrous p-xylene to yield aminopropyl
silanized (APS) glass or 5% (v/v) n-pentyl-
triethoxysilane and 1.5% (v/v) anhydrous
2,6-1utidine in anhydrous p-xylene to yield
n-pentyl silanized (n-PS) glass. Clean glass
substrates were vapor silanized for 16— 18 hr
in a glass refluxing apparatus. Vinyl silanized
glass was prepared by dip coating from a
1% (v/v) solution of vinyltrichlorosilane in
anhydrous 2,2,4-trimethylpentane followed
by rinses in 2,2 4-trimethylpentane, ethanol,
and distilled water. These slides were oven
dried at 60°C for 12 hr.

Unless specified otherwise polymer films
were spun cast onto glass slides using a
rotating disk spinner (Headway Research
Inc.) and a vacuum chuck. Polymer solu-
tions were dispersed onto and totally
covered the slide surface in 2-ml aliquots.
Solution deposition and spin cycle (4000
rpm, 15-20 sec) were repeated thrice to
remove excess solution and produce a
uniform film approximately 800—1000 A
thick. Spun cast polymer film thicknesses
were initially determined using ellipsometric
and gravimetric techniques. Once film-
forming conditions were developed, uni-
formity and approximate thicknesses were
derived from the distribution and eventual
disappearance of interference colors. Thick-
nesses were not determined for silane and
adsorbed protein films. Films were cured at
60 = 10°C under dry N, for 3 hr, extracted
in either filtered, doubly distilled water or
streaming electrolyte, and analyzed as pairs.

All polymer solutions were 1% (w/v) In
analytical grade solvents. Solutions were
filtered (Millipore PTFE, 1 um) 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 (Scientific
Polymer Products, Lot 03, M, = 84,600) in
toluene, unfilled polydimethyl siloxane
(PDMS) (Avco Medical Products, SR-RTV-
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80-68M-01L, M, = 23,000) in chloroform,
and Avcothane 51 (Avco Medical Products)
in tetrahydrofuran:dioxane (2:1).

A synthetic series of methacrylate ester
copolymers possessing both variable hydro-
philic:hydrophobic ratios and charge moie-
ties were prepared and characterized as
detailed elsewhere (7). Variations in the
philic:phobic ratio were accomplished by
random copolymerization of hydroxyethyl
methacrylate (HEMA) and methyl meth-
acrylate (MMA). Charge was incorporated
into the neutral polymer systems via
copolymerization of HEMA or n-butyl
methacrylate (n-BMA) with methacrylic
acid (MAA) or two quaternary ammonium
salts of dimethylaminoethyl methacrylate
(DMAEMA) monomers (HCl or CH,CI).
The monomer DMAEMA quaternized with
either hydrogen chloride or methyl chloride
was provided by Alcolac (marketed as
Sipomer Q-6 monomer). We abbreviate
these monomers as DMAEMA-HCI and
DMAEMA-CH,Cl which would be syn-
onymous with the terminology methacryl-
oxyethyltrimethylammonium chloride.

Biopolymer solutions were deposited in
both spun cast and adsorption modes.
Solutions were: SeaKem agarose (FMC
Corp. Lot No. 62349) in doubly distilled
water spun cast at 60°C and Fraction V
serum albumin-glutaraldehyde solutions in
streaming electrolyte as follows: rabbit
(Sigma, No. 53C-0890), bovine (Miles,
No. 288), human (Sigma, No. 84C-0152-1),
ovine (Sigma, No. 102C-1540), and goat
(Sigma, No. 92C-1820). Albumins were
spun cast thrice from 5% (w/v) solutions
also containing 20 wl/ml of 50% (v/v)
aqueous glutaraldehyde (Polysciences). Films
were allowed to crosslink at 23°C, 40% rela-
tive humidity overnight and then hydrated
4 hr in streaming buffer. Fraction V bovine
serum albumin, BSA, (Miles, No. 81-003-3)
as 1 mg/ml in acetate buffer (pH 4.8, 0.025 g
ions liter~!) was adsorbed onto clean slides
for 30 min at 24°C, rinsed in acetate buffer
for 60 sec, crosslinked with 0.25% (v/v)
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TABLE I

Average [ Potential and AE,. /AP Ratio for Glass Substrates and Silane Films Evaluated on n Samples

AEg /AP = lo (n) W x 1o (n) Investigator

Sample description (mViem Hg) (m¥) comment key"
Gold Seal —0.419 = 0.002 (3) —65.2 = 0.3 (3) RVW (a,c, f. )
Gold Seal —0.417 = 0.010 (2) -66.1 = 1.4 (2) LB (a, cf,j)
Gold Seal -0.410 = 0.003 (3) —-63.1 = 0.9 (3) PT (a, e, £, ])
Gold Seal —0.408 (1) -62.7 (N DLC (a,c, g J)
Clean Gold Seal -0.397 = 0.013 (3) -63.2 = 0.6 (3) RVW (a, c, f, J)
Clean Gold Seal —0.426 = 0.007 (3) -65.2 = 1.1 (3) RNK (a,c, g, )
Clean Gold Seal —0.344 = 0.013 (3) e e A ) PT f(a.c.i.j)
Bev-1l-edge —0.337 = 0.010 (3) =l 1254(3) PT (b, c, g, j)
Bev-1-edge —0.357 (1) =232 (n EB. th,citig)
Bev-1-edge —0.334 (1) —-49.6 (1) DLC (b, c, g, )
Clean Bev-1-edge —0.357 = 0.007 (3) —53.6 = 1.2 (3) DLC (b, c, g.]j)
¥§ —0.275 = 0.012 (4) —43.6 £ 1.9 (4) RVW (a, c, f, )
n-PS =0.324 = 0.014 (3) —50.8 = 1.8 (3) LB (a,e, g
n-PS -0.368 [65) —-56.7 (1) PT (b, e, f, k)
n-PS —0.368 (1) -56.7 (1) PT (a, e, f, k)
APS —0.204 = 0.017 (4) —32.0 = 3.0 (4) RVW (a, d, f,j)
APS —0.249 = 0.011 (3) -399=19(3) LB (a.d.g.j)

“ Abbreviations: (a) Gold Seal or (b) Bev-l-edge, (c) no silane, (d) APS or (e} n-PS, (f) no extraction,

() extraction overnight in streaming electrolyte, (h)

24 hr or (i) 35 hr extraction in doubly distilled water

and less than (j) or more than (k) 5% total variation in three or more AE,. /AP ratios per sample.

buffered glutaraldehyde for 20 min, and
rinsed again in acetate buffer for 60 sec.
This was repeated five additional times on
some slides to yield six albumin ‘“‘layers™
or successive treatments. Adsorbed films
resulting from both one and six treatments
were exposed to fresh BSA (1 mg/ml) to
quench residual unreacted glutaraldehyde
and stored overnight in streaming electrolyte.
For all cases where multiple investigators
analyzed polymer films, substrate cleaning,
silanization, and spin casting were identical.
Differences in glass substrates and pre-
streaming extraction conditions are specified
in the last column of Tables I-1III.
Streaming potential measurements were
conducted on glass substrates and thin
polymer films supported on these substrates
in a parallel-plate streaming cell having a
plate separation of 120 um. All design and
measurement techniques, as well as all
necessary hydrodynamic requirements, have
been detailed elsewhere (5, 8). Measure-
ment of streaming potentials, E;, at various

i

flow driving pressures, P, produced a locus
of points which were linear and of slope
AE,./AP. This ratio is utilized in Eq. [1]

‘ﬁEslr KBW

AP €

0, = 8.4922 x 10¢ [1]
to determine the { potential, ¢ (in mV).
Bulk values for the electrolyte viscosity
(n = 0.010 P) and dielectric constant (e
= 80.14) were utilized at the streaming
temperature, 20°C. Specific conductance of
bulk electrolyte, Ky, was calculated on the
basis of a measured ac resistance (R,.
= 180 ohm) in a precalibrated, platinized-
platinum conductivity cell (C = 0.262 cm™),
where Kg was C/R,.. Streaming electrolyte
was 0.01 M KCI, 8 x 100* M Na,HPO,,
2 x 107* M KH,PO,, pH 7.4. Values of ¢,
are an average of at least three sets of plates
unless indicated otherwise.

RESULTS AND DISCUSSION

The average AE /AP ratios and cal-
culated { potentials, Wy, are tabulated in

dournal af Colloid and Interface Science, Vol. 84, No. 1, November 1981
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TABLE 11

Average [ Potential and AE,,./AP Ratio for Biopolymer Films Evaluated on n Samples

AE /AP = 1o (a) W = 1o (n) Investigator
Sample description (mV/cm Hg) (mV) comment key"
Agarose =0.120 = 0.012 (3) —-18.0 £ 1.9 (3) LB (a,d, g.j)
Human albumin —0.367 = 0.007 (3) —58.3 = 1.0(3) LB (a,d, g j)
Bovine albumin ~0.360 = 0.006 (2) —57.6 = 0.7 (2) LB (a, d, gJ
Ovine albumin —0.360 n -56.7 (1) LB (a,d,g.J)
Rabbit albumin —0.360 = 0.018 (3) -57.2x26(03) LB (a,d, g j)
Goat albumin -0.327 (€] -51.5 (1) LB (a,d, g j)
Ix adsorbed and
crosslinked BSA —0.277 = 0.008 (3) —-44.1 = 1,3 (3) RVW (a, c, f, )
6x adsorbed and
crosslinked BSA —0.280 = 0.002 (3) —45.6 = 0.3 (3) RVW(a,c, . )

“ See note for Table I.

Tables I-1II for glass and silane substrates,
biopolymer and synthetic polymer films,
respectively. In each case, the final column
identifies the investigator—substrate: Gold
Seal (a) or Bev-l-edge (b), silane linkage:
none (c), APS (d), or n-PS (e), extraction
conditions: none (f), overnight in streaming
electrolyte (g), 24 hr (h), or 35 ht (i) in
doubly distilled water, and degree of electro-
kinetic data stability during the 15 min
required for analysis, i.e., Iess than (j) or
more than (k) 5% total variation in three or
more AE. /AP ratios per sample. Values for
both AE /AP and Y are given in the event
that any assumptions leading to the deriva-
tion of Eq. [1] are found to be erroneous in
the future.

Electrokinetic reproducibility for most
substrates and films prepared and evaluated
by different investigators was generally
good with ranges in {; of 0 mV (HEMA,
97% MMA-3% MAA), 2 mV (PDMS, PVC,
MMA, 97%-HEMA-3% MAA), 3 mV
(Gold Seal), 4 mV (Bev-1-edge), S mV (97%
HEMA-3% DMAEMA-CH,CI) and 6-7
mV for n-PS and APS, respectively. Both
PS and 97% MMA-3% DMAEMA -CH,CI
exhibited substantial variability (17-19 mV)
which seemed to result from differences
arising during sample preparation and
extraction. Several films, notably some
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n-PS, PDMS, PVC, MMA, and PS exhibited
significant variations in AE/AP with time.
In these instances, AEg /AP and thus
became more negative. This often seemed to
be attributable to inadequate film extraction
or preequilibration prior to streaming
analysis. Polystyrene was the most difficult
film to analyze exhibiting the largest
electrokinetic time variability (8 mV in 15
min), the largest degree of sample hetero-
geneity, and in some instances partial
film detachment.

Spun cast serum albumin films were
electrokinetically stable and essentially
identical (—=57.5 = 1 mV) for a variety of
vertebrate species with the exception of
goat albumin (—51.5 mV). See Table II.
Adsorbed and subsequently crosslinked
BSA showed no electrokinetic difference
between the first adsorption—crosslinking
sequence and the sixth (—45 = 1 mV). The
12.5-mV difference in {s; between spun cast
and adsorbed BSA films may be due to
different sources of Fraction V, methods
of glutaraldehyde crosslinking, or film
depositing. Spun cast agarose films were
also evaluated and this material seemed to
have the lowest ¢ of all the ‘‘neutral”
materials.

The electrokinetic potential of all “*neutral™
hydrophobic and hydrophilic polymers was
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Average [ Potential and AE,,,/AP Ratio for Synthetic Polymer Films Evaluated on n Samples

AE AP = 1o (n) Y= 1o (n)

Sample description (mV/em Hg) (m¥) Investigator comment key®
PDMS —0.320 = 0.008 (2) -49.0 = 0.7 (2) RVW/LS (a, ¢, g, k)
PDMS —0.328 = 0.024 (4) ~49.6 = 3.3 (4) DLC (b, c. g, )
PDMS -0.272 = 0.021 (3) —-41.6 = 3.1 (3) PT (b, e, f, k)
PDMS —0.330 = 0.014 (3) -51.0+22 (3 PT (b, e, i, k)
PDMS —0.333 = 0.013 (3) -51.2 + 2.6 (3) PT (b, e, h, k)
PVC —0.265 = 0.010 (3) -40.2 = 2.3 (3) )i (b, e, f, k)
PVC —0.285 = 0.005 (3) —42.4 = 1.3 (3) PE (b, e, h, k)
PVC -0.272 = 0.015 (3) —39.6 = 2.1 (3) PT (b, e, i, k)
PS —0.235 = 0.028 (2) —38.6 = 4.0 (2) RVWI/LS (a, e, g. k)
PS —0.314 = 0.006 (3) —45.6 = 1.6 (3) 1 (b, ecfok)
PS —0.287 = 0.011 (3) —42.7 = 2.2 (3) PT (b, e, h, k)
PS —0.308 = 0.014 (3) -47.4 =19 (3) PT (b, e, i, k)
PS —0.372 = 0.012 (3) =517 =16 (3) PT th, &,i,-k)
Avcothane —0.256 = 0.021 (3) -38.6 = 3.1 (3) DLC (bcL g
HEMA —0.154 = 0.009 (3) -24.1 =13 (3) DLC (a, ¢, g.])
HEMA —0.157 = 0.012 (3) -24.0+ 1.8 (3) RNK (a, c, g J)
MMA —0.214 = 0.014 (3) 33922 (3) RVW/LS (a, e, g, k)
MMA -0.202 = 0.019 () 315+ 3.1 (3 DLC (a, e . g.j)
509 HEMA-50% MMA =0.150 = 0.012 (3) -28.7 = 1.8 (3) DLC (b,c. g1
99% HEMA-1% MAA —0.160 = 0.022 (3) —24.8 = 3.4 (3) RNK (a, d, g, j)
97% HEMA-3% MAA —0.165 = 0.007 (3) —257=1.1 (3) RNK (a d, gj
97% HEMA-3% MAA —0.184 = 0.044 (B) —283 £ 6.6 (B) DLC (a, d, g, )
75% HEMA-25% MAA —0.248 = 0.008 (3) =384 =12 (3) RNK (a, d, g, J)
509% HEMA-50% MAA —0.286 = 0.008 (3) —440=12 (3 RNK (a.d g}
25% HEMA-75% MAA ~0.305 = 0.011 (3) -467+18 3) RNK (a, d,g i
99% HEMA-1% DMAEMA-HCI —0.096 = 0.016 (3) —14.8 £ 2.4 (3) RNK (a, c, g ])
99% HEMA -1% DMAEMA - CH;Cl -0.079 = 0.017(3) -133=14 (3) RNK (ac, gj)
97% HEMA-3% DMAEMA-HCI —0.086 = 0.013 (3) =13.2 2.0 (3) RNK (a,c.g )
97% HEMA-3% DMAEMA-CH,CI —0.039 = 0.019 (3) =6.0 £ 3.0 (3) RNK (a, c, g, J)
97% HEMA-3% DMAEMA-CH,C] —0.006 = 0.040 (3) 0.9 = 55 (3) DLC (a,c, g 1)
95% HEMA-5% DMAEMA-HCI —0.042 = 0.020 (3) -51+09 (3 RNK (ac gJ
95% HEMA-5% DMAEMA-CH,CI 0.00 = 0.014 (3) 0024 (3) RNK (a, c, g.J)
90% HEMA-109% DMAEMA-CH,CI +0.024 = 0.003 (3) +37+05 (3) RNK (a,c gj)
85% HEMA-15% DMAEMA-HCI —-0.009 = 0.006 (3) = 2-=0.1 (3 RNK (a,c, g, J)
85% HEMA-15% DMAEMA-CH,Cl +0.064 = 0.004 (3) +9.9 = 0.6 (3) RNK (a, ¢, g J)
65% HEMA-35% DMAEMA-HCI +0.020 = 0.008 (3) +3.1x 1.2 (3) RNK (a, c, B. 1)
97% MMA-3% MAA —0.315 = 0.021 (3) —49.2 = 3.1 (3) DLC (a, d, g ]
97% MMA-3% MAA —0.303 = 0.009 (3) —48.7 1.5 (3) RVW/LS (a.d, g, )
97% MMA-3% DMAEMA-HCI —0.157 = 0.013 (3) =251 1.5 (3) RVW/LS (a, e, g, j)
97% MMA-3% DMAEMA-CH,CI +0.121 = 0.010 (3) +19.1 = 1.4 (3) DLC (a, c, g.J)
97% MMA -3% DMAEMA -CH,CI +0.010 = 0.028 (3) +1.6 £ 4.5 (3) RVW/LS (a. e, g.])
n-BMA —0.285 = 0.004 (4) -41.6 = 2.1 (4 DLC (b,e.g, )
97% n-BMA-3% MAA —0.421 = 0.005 (3) —63.3 = 0.65 (3) DLC (b, d, g. 1)
97% n-BMA-3% DMAEMA-CH,CI —0.158 = 0.028 (4) -239+4.0 (4 LB (a. ¢, g J)
90% n-BMA-109% DMAEMA-CH,CI —0.079 = 0.003 (2) -12.8 = 0.4 (2) LB (a, c, g J)

% See note for Table I.

net negative as shown in Table III, i.e.,
PDMS (51 = 1 mV), PVC (—41 = 1 mV),
PS (44 =4 mV), n-BMA (—42 mV),

[}

mV).

avcothane (—39mV), HEMA (-24 = 0 mV),
and MMA (-33 =1
mixtures of HEMA-MMA copolymer had

Equimolar
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an intermediate ¢, of —29 = 2 mV. In-
corporation of negatively charged MAA
residues into HEMA, MMA, and n-BMA
resulted in copolymers which exhibited
increasingly negative values of i, with
increasing amount of bulk charge. Simi-
larly, copolymers having positive residues
(DMAEMA-HCI and DMAEMA-CH,C])
incorporated into neutral HEMA, MMA,
and n-BMA always had a ,, which was
less negative than that of the neutral base
polymer. At sufficiently high percentages of
charge incorporation, s, became net posi-
tive. The CH;Cl salt of DMAEMA seemed
to be more effective in manifesting the
positive charge than the HCI salt at equiva-
lent concentrations. This may arise from
differences in local microenvironment and
subsequent influences on pK,'s of the
two species. These studies suggest that
incorporation of charged residues into the
polymer network has a predictable effect on
the electrokinetic surface charge and
thus Y.

The origin and distribution of charge and
resultant potential field at the insulator-
electrolyte interface is not completely
understood for glass or polymers. The net
negative charge on soft glass may arise from
the ionization of surface silanol groups
having a pK, of 7.1-7.2 (9, 10) or the
adsorption of potential-determining ions
(11) or a combination of both (12). Soft glass
preexposed to an aqueous environment
possesses an extensively hydrated, leached
surface of porous, amorphous silica charac-
terized by at least three kinds of silanol
species (9). Differences between ¢; for Gold
Seal (—64 mV) and Bev-l-edge (—52 mV)
slides are significant and may arise from
processing variations, e.g., forming, polish-
ing, cleaning, hydration, etc., leading to
differences in silanol content, ion profiles,
surface porosity, and roughness. The degree
of surface roughness and subsequent effect
on shear plane position is probably the
single largest unknown remaining in electro-
kinetic research (13). One model (14) arising
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from electrokinetic titration studies en-
visions the glass surface as possessing hy-
droxyl adsorption sites distributed through-
out an open, porous hydrated surface with
proportionately fewer sites at the surface in
the vicinity of the electrokinetic shear plane.
Consequently, titratable charge greatly
exceeds the electrokinetic charge respon-
sible for ¢, and the electrokinetic poten-
tial approaches a plateau value at increas-
ing pH since ion-binding sites at the shear
plane are occupied at low pH first.

The origin of charge at the polymer-—
electrolyte interface is even less clear.
Our preliminary electrokinetic studies (15)
showed that many neutral polysaccharide
and synthetic polymers acquire a net nega-
tive surface potential in contact with aqueous
electrolyte. While incorporation of either
positive or negative moieties as copolymer
residues was reflected at the electrokinetic
surface as a decrease or increase in net
negative potential, respectively, the amount
of measured charge greatly exceeded that
attributable to charge incorporated as
ionizable groups. Those results agree with
this study in that small amounts of charge
added to hydrophilic methacrylates, such as
HEMA, were found to increase streaming
potential values, but the incorporation
of additional larger amounts had a less
prominent effect on Y, as evidenced by
a plateau for both positive and negative
charge addition on a graph of ¢ versus
mole percent added charge. [ Potential
as a function of net charge incorporated
as HEMA-DMAEMA-HCI, HEMA-DMA-
EMA-CH;Cl, or HEMA-MAA copolymer
exhibited an obvious symmetry around 0
mole percent charge for the positive and
negative copolymers (15, 16).

All synthetic, neutral polymers as well as
agarose had a net negative { potential. Other
researchers have found similar results for a
variety of synthetic polymer (4, 17-19) and
natural polymer surfaces (20-23) many of
which have biomedical applications. The
most widely quoted explanation for net

—
e
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negative electrokinetic charge on non-
ionizable polymers is the specific adsorption
of potential-determining ions such as OH"
and CI- from solution (17, 18, 24). In
principle, the smaller, more polarizable,
and less hydrated anions in an aqueous
electrolyte have a greater tendency to
partition at an interface particularly if the
polymer surface is hydrophobic. Hydrated
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-
ture of water at interfaces of differing
hydrophilicity have been postulated as play-
ing a role in specific anion adsorption and
subsequent interfacial charging (17).
Polystyrene lattices with no titratable
surface charge have been shown to possess
substantial electrophoretic mobilities which
were explained by the adsorption of chloride
and hydrogen anions (26). However, Fowkes
and Hielscher (27) provided an alternative
explanation which evoked electron injec-
tion from cationic water states into anionic
states 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-
ties of about 1 x 10'* electrons cm™* within
20 sec. Many of our ‘“‘neutral’’ polymer
films have ¢, in the —40 mV range which
corresponds to a diffuse double-layer charge
component of about 3 x 102 charges cm™2.
It is also interesting to note the existence of
time-dependent electrokinetic drift in some
of our polymer thin film results. This is
attributed to physical changes in the film
during streaming. Most films were pre-
equilibrated in streaming electrolyte prior to
analysis; however, those films exhibiting the
largest time variability (PS) were equilibrated
in doubly distilled water. This variability
then may reflect the process of interfacial

¢
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charging and ion diffusion potentials ac-
companying exposure to electrolyte rather
than actual film detachment. Also, addi-
tional research associated with this study
has shown a strong correlation between bulk
water content and both {;; and the com-
ponent of the interfacial free energy for
unchanged hydrophilic and hydrophobic
polymers (16, 28). Modeling and experi-
mental studies are currently underway to
more fully elucidate the origin of interfacial
charge and its relationship to water struc-
ture, surface hydropholicity, and protein
adsorption.
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Probing Protein Adsorption:
Total Internal Reflection Intrinsic

Fluorescence

R. A. VAN WAGENEN, S. ROCKHOLD, and J. D. ANDRADE

University of Utah, Department of Bioengineering, College of Engineering, Salt
Lake City, UT 84112

Interfacial intrinsic fluorescence induced by evanescent wave
total internal reflection was developed to study protein ad-
sorption at solid-aqueous buffer solution interfaces. The tech-
nigue has a number of advantages over conventional meth-
odologies for the study of adsorption including (1) continuous,
real-time sampling with 0.1-s resolution; (2) in situ sensing; (3)
application to biomedically relevant, flat, low surface area
samples; (4) quantitation of the amount adsorbed calculated on
the basis of an internal standard; and (3) ability to obtain
fluorescence emission spectra of intrinsic tryptophan moieties
that are sensitive to local microenvironmental changes pro-
duced during the protein adsorption process. These advan-
tages are illustrated for bovine serum albumin and y-globulins
adsorbed on hydrophilic quartz.

n understanding of protein adsorption behavior is applicable in numer-
Aous fields including blood—synthetic materials interfaces, macromolec-
ular-membrane interactions, receptor interactions, enzyme engineering, ad-
hesion, and protein separation on chromatographic supports. Many methods
have evolved to study interfacial adsorption, but no single independent
method seems adequate. The ideal technique should produce quantitative,
real-time, in situ data concerning the amount, activity, and conformation of
proteins adsorbed on well-characterized surfaces. All adsorption techniques
are approximations to this optimum.

Protein solution depletion via adsorption on finely divided substrates is
quantitative, but applicability to low surface area materials of biomedical
relevance is often minimal. Adsorption of radiolabeled macromolecules is
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quantitative on low surface area substrates; however, the presence of an
extrinsic label may alter protein physical properties and subsequent adsorp-
tion behavior. Automated ellipsometry can, in principle, provide in situ,
real-time information on film thickness and refractive index, but the minute
differences in substrate, film, and buffer refractive indices often preclude this
approach. Multiple internal reflection infrared spectroscopy is complicated
by strong water signals that obscure protein amide bands and, while Fourier
transform analysis seems promising, the interpretation remains difficult and
the equipment is expensive.

Interfacial protein fluorescence induced by internal reflection evanes-
cent wave excitation offers a number of advantages over conventional adsorp-
tion techniques. The total internal reflection fluorescence (TIRF) concept
was originally patented by Hirschfeld () and applied to protein adsorption
by Harrick and Loeb (2). Since then TIRF has been utilized in a limited
number of investigations to study the adsorption of extrinsic fluor-labeled
plasma proteins on quartz (3, 4), hapten-protein conjugates (5), and poly-
dimethylsiloxane films (6). Our preliminary development of TIRF also em-
ployed covalently bound fluorescein isothiocyanate (FITC) as an extrinsic
fluor (7, 8); however, research has indicated that FITC labeling of albumin
is labile and also alters the proteins chromatographic and electrophoretic
properties (9). Extrinsic labels per se are not objectionable as long as the
presence of the label can be shown not to alter the biochemical and physi-
cochemical properties of the molecule being studied. However, the attrac-
tiveness of intrinsic TIRF is that the difficulties in labeling and confirming the
inertness of the label are completely obviated. We report here the successful
development of intrinsic, interfacial protein fluorescence based on tryp-
tophan excitation. The advantages offered by intrinsic TIRF are illustrated
with data for albumin and y-globulin adsorption on quartz.

Principles of Internal Reflection Fluorescence

When light of wavelength A, traveling in a medium of refractive index
n;, encounters a second medium of refractive index n, (n, < n)), it undergoes
total internal reflection if the angle of incidence, 8, exceeds the critical angle
8., where 8,=sin"'(ny/n;). The rectangular coordinate system of Figure 1
illustrates this phenomenon. The electric field vectors may be resolved into
components parallel, E;, and perpendicular, E,, to an optical plane delin-
eated by the incident and reflected beams. The superposition of incident and
reflected radiation establishes a standing wave nermal to the reflecting inter-
face as illustrated in Figure 1. The electric field amplitude has a nonzero
value E at the surface, which then decays exponentially into the less dense
medium. The perpendicular polarization-mode electric field amplitude at

-
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Figure 1. Left: Schematic of the coordinate system at a totally reflecting

interface separating two media of refractive index n, and ny. Right:
£

Standing wave pattern and exponential decay of the electric field vector into

the interface (10), E,°, can be represented as

where ny, = (ny/ny).

the less dense medium, 2.

EJ_O:EOZ

2 cos B

T [ ()T

(1)

An electromagnetic disturbance termed the evanescent wave penetrates
the rarer medium to a finite depth. It has a wavelength A and is continuous
with the sinusoidal field of the standing wave, but the electric field amplitude
E decreases exponentially with distance from the surface z as

E =E° exp [—2/d,]

2

The effective wave penetration depth d, is the distance z, where the electric
field amplitude E has decayed to e ™" of its surface value E°, as given by

Equation 3.

A

d”=21'ml [sin®0 — (n,)?]%

3)

The value of d, decreases at shorter wavelengths, greater index mismatching

(n; >>ny), and incident angles approaching the critical angle (6—4,)

Interfacial fluorescence provides an excellent means of studying protein
adsorption. The maximum energy available for excitation is localized within
a few hundred angstroms of the surface where most of the protein is concen-
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trated. Consequently, the vast majority of the fluorescence signal arises from
adsorbed protein molecules. An adsorbed interfacial film of refractive index
ny complicates the analysis of interfacial electric field distribution. Generally,
the film is assumed to be much thinner than d, and the film electric field
distribution is assumed to be uniform. The field distribution for the parallel
component depends strongly on ny, but the perpendicular field component
E ., is not affected by the thin film and remains defined by Equation 1.
Macromolecular properties may alter the film refractive index ns, which in
turn could affect the available excitation energy distribution and resulting
flourescence signal levels. Consequently, the perpendicular component E |
was used in this research. (See Refs. 8, 10, 11, and 12 for more details on
TIRF principles.)

The study of macromolecular adsorption on thin polymer films should
also be feasible. Adsorption isotherms can be obtained on any nonfluorescing
polymer that can be deposited in thin-film form on quartz. The only limita-
tion is that the film be nonabsorbing at the excitation wavelength and exhibit
minimal fluorescence. Thin films of depth d can be studied if [2wd/A] < 0.1
and if the film attenuation index « is less than 0.1 (10). Thin films on quartz
substrates can then be characterized by other surface analytical techniques.

Molecular interaction with radiation is proportional to the radiation
intensity, and thus to the square of the electric field vector, E * Equations
1-3 were used to generate Figure 2 which illustrates the variation of E | % with
z for both intrinsic and extrinsic TIRF at the quartz—aqueous electrolyte
interface. Intrinsic fluorescence is more localized in the interfacial region
(d,= 1040 A) than is extrinsic fluorescence using FITC (d, = 2235 A).

Experimental

Figure 3 illustrates the experimental configuration. The light source {A) was a
200-W mercury—xenon high-pressure lamp, and the monochromator (B) selected the
fluorescence excitation wavelength. A 10-cm focal length quartz lens (L) reduced the
beam diameter and, in conjunction with a front-surface, silvered mirror (M), redi-
rected the light through a UV-polarizing filter (Oriel 2732) (0] oriented to pass the
perpendicular component of radiation. Light entered one face of the quartz dove tail
prism (Q), and illuminated approximately l/em® of the central prism face contacting
the aqueous buffer in the flow cell (F). The prism was UV-grade quartz (Markson
Science Inc.)}—3-cm wide, 9-cm long, and 2.9-cm thick with face angles of 70° to the
base. The flow cell base was a 3-cm wide, 9-cm long, and 1.3-cm thick block of
marine-grade aluminum alloy (5086-HIll) anodized flat black after machining rec-
tangular slit-flow ports at the surface of each end. Aluminum was chosen because of
its ease of machining, passivity to cleaning solvents, and good thermal conductivity.
The anodized film endowed the cell base with excellent inertness to aqueous saline
solutions, The flow cell base and prism were separated by a Silastic rubber medical-
grade polydimethylsiloxane gasket 0.05 em thick. The effective cell flow field was
7.9 x 2.1 X 0.05 em. Flow rates during sample injection and flush ranged from 1.5 to
2,0 mL/s. Flow at the sampling area was laminar (Reynolds numbers 140-190) and
well established (flow development length 0.12 ¢m). Flow cell surface area and
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Figure 3. Schematic of experimental system.

Light source (A}, excitation and emission monochromators (B and C, respectively), PMT

(D). preamplifier (E], flow cell (F), constant temperature recireulator (G ), syringe pump

(H), photon counter (1), light tight enclosure ( 1), digital disc storage (K), quartz lens (L),

mirrors (M), beam stop (N), excitation and emission polarizin filters (O and P, re-

spectively), irapezoidal quartz prism (Q), chart recorder (R), an copper heat exchanger
base plate {(S).

volume were 34.1 ¢cm® and 0.83 ¢m®, respectively. The amount of bulk solution

depletion due to protein adsorption on the cell walls was not measured, but order of

magnitude calculations suggest that it could be significant for Cy less than 0.1 mg/mlL.
However, this result depends on how much protein is assumed to adsorb to the flow
cell walls. Flow cell base temperature and all solutions entering the cell were main-
tained at 37° £ 1°C by an attached copper base plate (S) thermally linked to a constant-
temperature bath (G).

A fraction of the interfacial fluorescence penetrated the prism and entered an
emission monochromator (C). Both monochromators (B) and (C) (Jobin Yvon, H-10)
were used with 16-nm bandpass resolution, the only exception being for spectra scans
where the emission monochromator bandpass was 4 nm for optimal resolution. Fluor-
escence quantitation was accomplished by using an RCA 8850 photomultiplier tube
(D) linked to an Ortec photon counting system with the following components:
preamplifier 9301 (E), amplifier-discriminator 9302, photon counter 9315 (I}, sam-
pling control module 9320, and digital data storage using a 5Va-in. floppy disk on an
Apple IT Plus Computer (K). Digital signals were converted to analog (Ortec 9325)
and displayed on a Pharmacia 481 strip chart recorder (P). Well-defined flow param-
eters were maintained by a Sage Instruments 341 syringe pump (H). An acrylic, light
tight housing (J) and beam stop (N) helped keep extraneous light signals at low levels,

All solutions were made with analytical-grade réagents and low-conductivity
(6 megohm) water purified by a combination of reverse osmosis, ion exchange,
activated-carbon adsorption, and microfiltration. Phosphate-buffered saline (PBS)
(0.145M NaCl, 2x 10™*M KH,POs, 8X 10 M Na,HPO,) had a pH of 7.3 and
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osmolarity of 310 mosmol. All solutions were deaerated initially, but because this
procedure had no effect on fluorescence intensity, deaerating was not a routine
procedure.

Proteins were obtained from Miles Laboratories as bovine serum albumin (BSA)
monomer standard Fraction V (81-028-1-P338) and bovine y-globulins Fraction 11
(82-041-2-1086). L-Tryptophan (Matheson Coleman & Bell), 0.3 mg/mL in PBS, was
used as an intrinsic fluorescence experimental reproducibility standard.

The quartz prism surface was cleaned prior to each experiment in the following
sequence: (1) 5 min soak in 2% (v/v) Microclean, (2) 15-min soak in dichromate—
sulfuric acid (25/mL Manostat Chromerge chromic acid in 4.1 kg of concentrated
sulfuric acid), (3) thorough rinse in low-conductivity, filtered water, (4) rinse in
filtered, absolute ethanol, (5) 5-min vapor degreasing in Freon TES-ethanol azeotrope
vapor, (6) 2-min radiofrequency (RF) glow discharge at 30 W tuned RF power (Tegal,
Plasmod), 200 wm mercury pressure oxygen plasma, and (7) 10-min purge in ultra-
pure (99.999%) oxygen. All surface cleaning and assembly were carried out under
Class 10,000 clean room conditions to minimize particulates and enhance experi-
mental reproducibility,

Figure 4 illustrates schematically the time course of a TIRF experiment. The
PBS background is due to scatter in the primed flow cell and stray light passed by the
wide monochromator slits. The fluorescence signal intensity is expressed as counts
per unit time above the PBS background. Injection of a tryptophan standard was used
as an internal reference point for comparing the reproducibility of each experiment,
With high recording speeds (10 cm/s), short count times (0.1 s), and rapid solution
injection (1.5-2.0 mL/s), the speed with which the tryptophan bulk signal reached its
equilibrium count level was determined. This procedure typically required 1-2 s after
the first hint of signal increase. Similarly, the time required to remove all of the
tryptophan from the eell at 2.0 mL/s was about 2 s. The cell priming volume, includ-
ing flow ports, was 1.5 em®. No indication that tryptophan adsorbed irreversibly was
observed, since count rates before and after the standard were identical.

Protein was introduced under the same sampling and flow conditions. At bulk
concentrations greater than 0.5 mg/mL, a small signal step of 1-2 s, Ny, was immedi-
ately evident on the recorder at high speed and short sampling times (see Figure 5).
The adsorption signal then rapidly developed on top of Ny. With the exception of
injecting and flushing out protein solutions, all adsorption and desorption occurred
under nonflow conditions. After reaching equilibrium signal level for any particular
bulk protein concentration, the bulk protein was removed via a 50-mL flush of PBS
at 2 mL/s. A rapid incremental signal drop Ny oceurred due to removal of the bulk
solution contribution followed by a slower decrease in signal as the protein molecules
desorbed from the surface (see Figure 4). Protein adsorption dynamics could then he
monitored. Alternatively, additional protein at a greater bulk concentration could be
added in a stepwise manner to determine the adsorption isotherm. Solutions of higher
bulk protein concentration were added when the equilibrium plateau signal had
remained stable for 10-15 min. Since the time required to reach the plateau was
generally about 20 min, the total elapsed time between different concentrations was
typically 40 min. This entire step isotherm was determined on a single surface rather
than the more classical and lengthy approach of obtaining one datum point at a
particular Cy; on a single fresh surface. Emission spectra of adsorbed protein were
taken following the PBS flush. In this way only the spectra of adsorbed protein were
determined. These spectra were then compared to bulk solution speetra of non-
adsorbed protein obtained with the same equipment, but with the TIRF prism and
cell replaced by a conventional transmission fluorescence bulk cell. Tryptophan
amino acid emission spectra were recorded both in a conventional spectrofluorometer
bulk cell and with the standard in the TIRF flow cell.
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Figure 5. Fluorescence data for y-globulin on quartz. The bulk signal Ny
arises during the first 1-2 s of flow.

Results and Discussion

Interfacial fluorescence signals did not yield direct information on the
amount of adsorbed protein. This lack of quantitation appears to be the major
weakness of the method. Calibration studies have been attempted (6), but
the ideal solution would be a second, independent quantitative technique
such as FTIR or use of unaltered radiolabeled protein. An independent
calibration method is now being developed.

Our approach was to use the fluorescence background signal N ema-
nating from evanescent wave—excited protein in the bulk solution as an
internal calibration signal. Consider the 3000-A decay depth of E,® for the
intrinsic fluorescence case of Figure 2. The evanescent wave penetration
depth was divided into 30 lamellae, each 100 A thick and l/em®. Adsorption
was defined as those molecules occupying the first lamella adjacent to the
surface. Molecules in Lamellae 2-30 were considered to have bulk properties
and to constitute the bulk signal. The total fluorescence signal was propor-
tional to the area under Curve 2 of Figure 2, but it was unequally weighted
to the first few lamellae, where most of the energy was available to excite the
majority of the molecules. The area of each lamella was integrated and
expressed as field intensity units squared (FIU?). The first lamella had 2.11
FIU? while the sum of Lamellae 2-30 was 9.9 FIU? At a bulk protein
concentration Cy of 1.0 mg/mL, each bulk lamella contained 1 x 107 g of
protein. Protein in the bulk lamellae (29 X 0.001 pg/cm?®) was excited by 9.90
FIU? and produced Ny counts, while adsorbed protein I (pg/em?) was excited
by 2.11 FIU? and produced N, counts. Bulk signal Ny was resolved from
adsorbed protein signal N, during the first 1-2 s of protein injection and flush
(See Figures 4 and 5). Ny was accurately determined for Cy= 0.5 mg/mL.
Consequently, for the quantitation of Ny at lower bulk concentrations, a
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linear plot of Ny as a function of (0.5 = Cy = 4.0) mg/mL was extrapolated to
a Cp of 0 mg/mL between (0.0 = Cj < 0.5) mg/mL. The equality of Equation
4 results assuming that in both bulk and adsorbed states, a certain quantity
of protein excited by a given amount of energy (FIU? produced an equal
amount of fluorescence signal per unit time, that is, the quantum vields of
bulk and adsorbed protein were equal.

(Cp) (0.001 pglem® lamella) (29 lamellae) (9.90 FIU?)
Ng counts/unit time
(T') (2.11 F1U?)
N4 counts/unit time

(4)

The correction for bulk protein concentrations other than 1.0 mg/mL is
represented by Cy. Surface concentrations I' (g/em®) were calculated on
the basis of Equation 4 and presented as a function of time or bulk concen-
tration Cy for adsorption—desorption dynamics or adsorption isotherms,
respectively.

This research and its associated quantitation rests on several assump-
tions. First, lamp power output was assumed to be invariant with times
comparable to the course of an experiment. This assumption was reasonable
since source intensity monitoring via background counts N for 6-8 h showed
no significant drift if the lamp and photon counting system were equilibrated
for 1 h prior to an experiment. Count rates N were typically 500 counts and
the counting statistics error rarely exceeded VN by more than several (0.1/s)
percent. Second, the excited bulk concentration and thus Ny are time invar-
iant. This assumption is probably correct if Cy is not reduced by adsorption
within the flow cell and if no photobleaching occurs. Also, our fast sampling
data indicated that for both tryptophan standard and protein solution, a bulk
signal component could be resolved during the first 1-2 s following sample
injection. The protein adsorption signal intensity then builds on top of this.
Assuming that Cy, is established more slowly by diffusional processes alone,
some interfacial time-variant distribution function would have to be incorpo-
rated into Equation 4. Such a function would initially lower the interfacial
concentration and reduce I'. Third, quantum vields of adsorbed- and bulk-
fluorescing species are identical. This is probably the most questionable
assumption, particularly if conformational changes occur following ad-
sorption. Quantum yield determinations of adsorbed species are planned in
the future. Fourth, light scattered from both adsorbed molecules and bulk
molecules within the evanescent zone does not generate significant bulk
protein solution fluorescence. This assumption would have the effect of re-
ducing N4, increasing Ny, and consequently lowering I'. Fifth, the adsorbed
film is 100 A thick, that is, it is the first lamella. Assuming that the adsorbed
film and thus the first lamella was 50 or 150 A thick, the calculated value of
I would be altered by less than +£5%. Sixth, Ny could not be determined

Y
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accurately below a Cj of 0.5 mg/mL. Consequently, a plot of Ny as a function
of (0.5=Cp=4.0) mg/mL was linearly extrapolated to zero in the range
(0=Cy <0.5) mg/mL to yield values of N.

Finally, we assume no occurence of interfacial photochemistry. This was
generally true for the light intensities and times utilized in our research as
illustrated in Case 1 of Figure 6 for adsorbed bovine y-globulin. Following
protein introduction, the surface concentration I' rose to an equilibrium
value, and remained time invariant even when additional protein of the same
bulk concentration was injected into the cell. However, when the light
source intensity was increased beyond a critical level by either increasing
lamp power or replacement with a fresh mercury—xenon lamp bulb, the
equilibrium fluorescence signal was not attained. Signal intensity peaked
quickly and then decayed continuously. This phenomenon is referred to as
Case II behavior and is illustrated in Figure 6.

This behavior is not surprising in that many investigators have detected
photoeffects under conventional spectrofluorometric conditions. Studies
conducted on the UV-irradiation of lysozyme (13) and L-glutamate dehy-
drogenase (I4) revealed a concomitant loss in enzyme activity and fluores-
cence emission with irradiation time. The primary photoeffects were destruc-
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Figure 6. Schematic of typical TIRF data with no photoeffects (Case 1) and
with photoeffects causing a time variable signal (Case 2) Jor bovine
y-globulin adsorbed on hydrophilic quartz.



362 BIOMATERIALS: INTERFACIAL PHENOMENA AND APPLICATIONS

tion of tryptophan residues and the appearance of SH groups (13) as disulfide
bonds were disrupted. Enzymatic inactivation may have resulted from ter-
tiary structure loss due to scission of the four disulfide bonds cross-linking the
single polypeptide chain of lysozyme.

The destruction of aromatic and sulfur-containing amino acid residues
and resulting loss of helical structure following 68 mW UV-irradiation also
have been reported for albumin (I5). However, in our research, signal in-
stabilities postulated to result from photochemical effects were always associ-
ated with y-globulin, but not albumin adsorption. Also, our calculated max-
imum UV light power was typically much less, that is, several megawalts at
most. On the basis of tryptophan content alone, 25 residues in y-globulin and
two in BSA, the likelihood of photochemical susceptibility in y-globulins is
great. Both proteins have at least 16 disulfide bridges that maintain structural
integrity, but both molecules appear to have substantial chain flexibility. At
wavelengths of 270-290 nm or greater, aromatic residues and disulfide bonds
of proteins adsorb well, and because tryptophan has the lowest triplet state
energy of all the amino acids, light adsorption by other residues results in
excited states that may migrate to specific tryptophan moieties via a non-
radiative transfer mechanism. One primary oxidation reaction of photo-
excited tryptophan is electron transfer to an acceptor molecule and C2-C3
bond cleavage of the indole ring yielding N-formylkynurenine (16).

The adsorption isotherm for bovine y-globulin on hydrophilic quartz is
illustrated in Figure 7. The equilibrium plateau concentration of 3.60 pg/em?
is substantially higher than most other y-globulin adsorption data on silica
and glass substrates, that is, several tenths of a microgram per square centi-
meter (I7, 18). This result probably occurs because TIRF is an in situ
technique yielding values of I' obtained immediately after removal of the
bulk signal. This is in contrast to most adsorption methods employing an
extensive prequantitation buffer rinse that may cause desorption of a loosely
bound, rapidly desorbing layer(s) (6), the presence of which would not be
generally discernible.

Quantitation of I was made on the basis of bulk background counts Ny
determined by a discrete step change in fluorescence intensity occurring
either as protein was initially introduced or during the first few seconds of the
buffer flush. Alternatively, Ny, and thus I', could be determined later during
the flush sequence, for example, at 50 mL total flush volume rather than at
4 mL. This would be a closer approximation to sample washing conditions
described for the more conventional approaches. The result would be a
higher value of Ny, a lower value of N, and a value of T more than 50 percent
lower than our data. In situ fluorescence appears to give larger values of T’
because conventional methods require longer rinse times which in turn
remove substantial amounts of loosely adherent molecules.

Preliminary data determined for reproducibility studies at a Cy of 1.0
mg/mL on clean, hydrophilic quartz gave an equilibrium plateau adsorbed
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Figure 7. Adsorption isotherm for bovine y-globulin on hydrophilic quartz
% at 37°C.

value of 1.69 % 0.16 pg/em? (n =4). Not surprisingly, step isotherm and
discrete adsorption isotherm maxima were substantially different. The con-
formational state of an adsorbed protein may be a function of surface resi-
dence time, solution activity, and number of adsorbed neighbors. Because
adsorption is only partially reversible, Cy cannot be increased or decreased
to obtain a particular value of T, that is, hysteresis effects do occur. Such
hysteresis behavior has been well documented in adsorption experiments on
well-defined chromatographic substrates (19). The application of TIRF to
both desorption and adsorption dynamics as well as both appfoaches to
isotherm determination should make the study of hysteresis effects more
productive in the future.

A significant decrease occurred in adsorbed protein signal as reflected in
I at bulk concentrations exceeding 2 mg/mL. This decrease was also evident
in our earlier extrinsic TIRF adsorption studies with y-globulin-FITC and
fibrinogen-FITC (8), and also has been observed by others studying
v-globulin adsorption (3). The actual cause is as vet unresolved. However,
this significant drop in fluorescence and thus in apparent I' may be due to
fluorescence quenching at high surface concentrations or protein con-
formational changes and subsequent lowering of quantum yield that may
occur with increased surface packing density. Morrissey et al. (18, 20) have
shown that vy-globulin does undergo substrate-induced conformational
changes during adsorption on silica, and the degree of conformational altera-
tion appeared to depend on surface concentration.

Since our isotherms are derived in a bulk concentration step-increase
fashion, higher bulk concentrations (>2 mg/ml) were not evaluated for
several hours after protein first contacted the quartz surface. This delay may
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provide sufficient time for y-globulin molecules to change conformationally
in such a manner tha quantum vields fall and the corresponding fluorescence
signal drops or desorption of altered protein occurs. Transmission circular
dichroism (CD) studies have shown major conformational changes during the
adsorption and subsequent activation of Hageman factor on quartz (21).
Recently, conformational changes associated with the adsorption of albumin,
y-globulin, and fibrinogen on to copolypeptide and silicone substrates were
reported (22). Three stages characterized by reversible adsorption, irreversi-
ble adsorption, and slow structural alteration and desorption of denatured
protein molecules were reported. However, the time course of these events
was many hours to several days. Morrissey et al. saw no significant effect of
time on the conformation of adsorbed y-globulin (21 ).

Alternatively, an ordered, stable array of macromolecules may evolve at
the surface with increasing time and/or bulk concentration. Since the ex-
citation light is plane-polarized, the decay in emission signal may be a reflec-
tion of preferential orientation of y-globulin molecules with time or enhanced
surface packing densities. Fluorescence emission polarization studies should
tell us more about this in the future.

Figure 8 illustrates the adsorption isotherm for BSA on hydrophilic
quartz. The value of I is now on the order of 0.1 pg/cm? and the amount
adsorbed is directly proportional to bulk concentration Cy, with no hint of
plateau saturation below 5.0 mg/mL. These surface concentrations are com-
parable to data reported by others (23-27) for BSA adsorption on silica and
glasses. At a Cj of 1 mg/mL, reported values range from 0.02-0.2 wg/em?
depending on pH, temperature, ionic strength, and substrate. Our value of
0.08 pg/em® at the same Cy is intermediate in this range. These results
paralle] our qualitative findings for BSA-FITC adsorption on quartz (8).
Albumin adsorption continues to occur at concentrations exceeding those
required for monolayer coverage. This result is at odds with most research,
which indicates an equilibrium coverage of several tenths of a microgram per
square centimeter at a Cy greater than several milligrams per milliliter.
However, the means of obtaining these isotherms are not directly compar-
able with our TIRF data, where reversible desorption is more accurately
based on rapidly removing only the bulk signal prior to reversible desorption
of “peripheral protein.” The continual buildup of BSA with increasing Cj
may result from hydrophobic bonding between molecules comprising differ-
ent layers. The surface of the BSA molecule may have hydrophobic patches
(28), which may in turn facilitate multilayer binding at increasing concen-
trations via hydrophobic bonding.

Interfacial protein fluorescence is an in situ method that can provide real
time data with a resolution of 0.1 s. This technique is a major advantage in
that the protein adsorption-desorption dynamics may be determined with-
out resorting to sample manipulation prior to analysis. Figure 9 illustrates
adsorption—desorption dynamics for both BSA and y-globulin at bulk equi-
molar concentrations of 6.67 uM /L. The y-globulin required 40 min to reach
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BSA and v-globulin appear to exist on hydrophilic quartz, and the surface
02 picomol/cm®; 8.0 picomol/cm” after 1

molar ratio of BSA: y-globulin is 0.
h of desorption. Since desorption was performed statically, such proteins
solution, and “irreversible” protein

might contribute to an excess in bulk
then would not be in equilibrium with a true zero bulk concentration, but
this does not seem to be a significant effect. Preliminary experiments indicate
that if additional rinsing occurs during the desorption phase, that is, re-
establishing zero for Cy, the desorption rate does not change appreciably.
Perhaps the single greatest advantage of TIRF is its ability to determine
an adsorbed protein emission spectrum, which is illustrated in Figure 12 for
bulk tryptophan and adsorbed vy-globulin and BSA. In all three cases, the
emission spectra are broad (300-460 nm), and several have shoulders at
wavelengths exceeding 350 nm, which is understandable for both proteins,
particularly y-globulin. The heterogeneity of the proteins as well as the local
microenvironment of particular tryptophan moieties contribute to a wide
range of fluorescence emissions. Cellulose acetate electrophoresis indicated
that BSA and bovine y-globulin were 99% pure. However, bovine serum
Fraction 11 y-globulins comprise a variety of different immunoglobulin types,
and each of these may be further subdivided into variations in the F,, section.
The local tryptophan microenvironment probably contributes the most di-
versity to the emission spectra. At least three distinct spectral classes of
tryptophan exist, one buried deep in nonpolar regions of the protein and two
at the surface, one completely and one only partially exposed to the aqueous
environment (29). Such spectral classification for the 26 tryptophans in
~y-globulin and the two tryptophans in BSA can be employed to elucidate the
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In summary, TIRF offers a number of advantages over conventional
techniques for studying macromolecular adsorption. First, it is an in situ
method yielding real time data with resolutions of 0.1 s. Second, the geome-
try of the prism flow cell system makes possible the study of factors affecting
protein adsorption, that is, interfacial shear stress, temperature, buffer prop-
erties, ete. Third, fluorescence emission spectra of adsorbed macromolecules
are, in principle, capable of providing information on macromolecular con-
formational changes accompanying adsorption. This fact is particularly true
for the intrinsic fluorescence emission of tryptophan residues that are ex-
tremely sensitive to local microenvironments within and upon the protein
surface. Finally, by selectively labeling one type of protein, studying com-
petitive protein adsorption with all of the previously mentioned advantages
should be possible. This theory is, of course, predicated upon the use of a
fluor that does not alter the physicochemical and biochemical properties of
the macromolecule to which it is attached.
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INTRODUCTION

The interaction of immunoglobulins (I1gG) with solid surfaces is
important in the development of heterogeneous or solid phase immunoassays, in
the blood compatibility of medical devices and blood contacting materials, and
may be related to surface-induced complement activation.

Adsorption of proteins at solid-liquid interfaces is generally studied
by one of two methods: 1) the classical approach uses high surface area
adsorbents and measures bulk solution depletion as protein adsorbs; this
solute depletion technique is very effective but is limited to high surface
area materials; and 2) radiolabelling the protein, generally with
1125 although other isotopes may also be used, and directly measuring the
surface concentration of adsorbed proteins. This method has the disadvantage
that the protein must be labelled and that, in some cases, the label may
influence the adsorption process itself. / SO, quantifation s  generally only

Speeé¥osc§§ic méthod; may also be used, such asICOtal iniefnél
reflection infrared spectroscopy, which can be done in situ to obtain direct
kinetic information on protein adsorption without the use of any label [1]. A
related spectroscopic technique, also using total internal reflection optics,
relies upon the intrinsic UV fluorescence arising from tryptophan moieties in
the protein. When excited at 290 nm, many proteins fluoresce maximally in the
320-350 nm range, depending on the micro-environment of the tryptophan groups
present. This intrinsic fluorescence, which has a relatively low quantum
yield, of about 0.10, is sufficient to permit the sensitive detection of
protein in the vicinity of the interface [2]. The technique, called total
internal reflection intrinsic fluorescence (TIRIF) spectroscopy, has been used
to study the adsorption of albumin [2], insulin [3], 1gG [2], and fibronectin

[4] on previous occasions. Other groups have utilized the same approach but
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in a straightforward manner [8]. Thus, it is possible to study protein
adsorption on polymer surfaces by the TIRIF technique.
The fluorescence signal can be converted to surface concentration by
direct calibration or via theoretical consideration of the exponentially
decaying electric field [9]. Both methods of quantitation, however, must
assume that the quantum yields of the protein in the adsorbed state and in the
bullk solution are identical. Although this is not generally a good assumption
for proteins containing only a few tryptophaél it is probably a fairly good R
assumption for IgG, where many tryptophans are ﬁﬁifarmly distributed ¢
throughout the molecule. Thus it is unlikely that a majority of them could
have their micro-environments significantly changed as a result of the
adsorption process. This is encouraging because it permits quantitation but
it is a disadvantage, in the case of IgG, because local macromolecular micro-
environmental changes may not be readily detectable by this method.
One of the advantages of the TIRIF technique is that the intrinsic
fluorescence emission spectrum of tryptophan may shift and its quantum yield
may change in response to local micro-environmental pert%%ations as the [f:”#’
macromolecule changes conformation. This has been observed, for example, in a
study of the adsorption of human plasma fibronectin on hydrophilic and
hydrophobic surfaces [4] by studying the fluorescence emission spectrum via
the TIRIF spectroscopy technique.
MATERIALS AND METHODS ="
The TIRIF technique, the apparatus, and the methods for quantitation
have all been described [2,9]. For this preliminary study a lyophilized Cohn
Fraction I1 human gamma globulin (Miles 64145) was used. This fraction
represented a heterogeneous population of gamma globulin molecules, each which

may adsorb slightly differently. Preliminary work is now being done with
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approximately 2400 counts per second. See A in Figure 3. The excitation
light is shuttered off so that the photomultiplier tube dark count can be
—
observed, which—is of the order of 100 counts per second (B). == ah

Tryptophan solutions, 0.02, 0.05, and 0.10 mg/ml, were used for
calibration purposes. See C,D,E, respectively, in Figure 3. The fact that
the signal coée;_L;Eﬁwdown\to base line following a PBS flush to remove each
standard means that the tryptophan is not irreversibly adsorbed to the quartz
surface. At time zero a 1 mg/ml human IgG solution is introduced at a flow
rate of 13 ml/min, corresponding to a shear rate, y, of 210 sec_l, for about
60 seconds. Then the flow rate was reduced to 1 ml/min (y = 16 sechl). This
protocol results in rapid displacement of the buffer by the protein solution
via convective flow. 1In the boundary layer at the interface the buffer and
protein solution are exchanged by diffusion processes which are kinetically
much slower. Within tiie first 10 to 30 seconds after injection, protein
arrives at the interface and begins to adsorb. This is observed as a rapidly
increasing signal which tends to plateau at about four minutes reaching a near
constant level (F).

AEnga minutes PBS buffer is again pumped through the cell at 13 ml/min
for 60.seconds fre%w to displace the protein solution. The bulk solution
component of the signal, of course, disappears; thus a rapid drop in signal is
observed (G). The remaining decay in the signal (H) is due to two processes.
The first is the diffusion of protein solution from the boundary layer into
the bulk; the second is the actual desorption of adsorbed protein from the
surface., These will be discussed in more detail later. Thus, both the
adsorption and desorption kinetics can be observed directly.

The time scale in Figure 3 is compressed in order to show the whole

experiment. The time resolution of the technique is of the order of one
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second and fairly rapid kinetics can, therefore, be followed. The fairly high
background observed, 2400 counts per second, is in part due to the fact that
this is a polystyrene film. The polymer molecules in the film, of course,
scatter light which contributes a higher scatter background than if one were
using an uncoated quartz plate. 1In addition, polystyrene is intrinsically
fluorescent in the ultraviolet due to the phenomenon of exciton fluorescence,
due in part to overlap of the aromatic groups. The exciton fluorescence has a
maximum fluorescence emission of about 320 nm, right in the range at which
tryptophan emits [12].

Diffusion into and out of the boundary layer cannot be modeled using a
tryptophan standard because it has, of course, a much higher diffusion rate
than does the protein. One can, however, use a nonadsorbing fluorescein- or
tryptophan-labeled dextran of the molecular weight which produces a diffusion
coefficient approximating that of the IgG molecule. Figure &4 shows a typical
experiment where fluorescence intensity is given as a function of (tirne)”2
for a 64,000 Dalton fluorescein-labeled dextran. The diffusion coefficient of
64,000 molecular weight Dextran is approximately identical to that of 150,000
Dalton IgG (D= &4 x 10“7 sz sec_l). The data is presented at high time
resolution. The feature one observes at about six seconds has been well
described and is due to scattered light generated at the interface and in the
polymer film. Some of this scattered light passes into the bulk solution and
excites fluorescence. The total internal reflection process previously
described assumes an optically perfect interface. In reality there are some
imperfections present; the quartz prism itself can scatter light and any
polymer film on the surface will scatter light. In addition, in our

particular set-up, a quartz sample plate supporting the polymer film is

optically coupled to the prism using glycerol as a refractive index matching
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fluid; thus, the interface is not perfect and also scatters light. The
scattered light which penetrates into the bulk solution phase produces bulk
solution fluorescence. Although this is a fairly minor component for
correctly assembled cells, it must be considered in rigorous quantitation. 1In
the first six seconds, one is observing the protein solution flowing into and
through the cell. This has been modeled by Lok and Robertson in some detail
[5].

The remaining 25 seconds required to reach a plateau concentration is
attributed to diffusion of the FITC-labelled dextran into the 3000 angstrom
thick region where fluorescence can be excited by the exponentially decaying
evanescent wave. This tells us that under these flow conditions (210 secal)
the interface is fully equilibrated with protein within 30 seconds of
injection. The desorption sequence is then initiated via buffer flush at 210
secil. Although the kinetics are slightly different due to the different
boundary conditions, roughly 30 seconds after desorption the protein solution
has been removed and the proteins have successfully diffused from the boundary
layer into the bulk. This means that the first 30 seconds of the process are
not due to the kinetics of adsorption or desorption but are due to the fluid
mechanics and diffusion process involved. The fact that the data is
relatively linear between roughly seven and 16 seconds suggests a diffusion-
controlled, (time)lzz, process. We chose a high injection and flush shear
rate (210 sec_l) in order to minimize the time required for diffusion to get
protein to and from the surface so adsorption could be clearly discerned. The
lower shear rate domain (16 sec—l) was used to (1) prevent bulk protein
depletion and (2) to carry away desorbed proteins during PBS flush.

Figure 5 shows the early phase of adsorption and desorption for a

typical IgG adsorption experiment; this is comparable to an expanded version
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of Figure 3. One can clearly see the seven second inflection due to the bulk
solution component. Diffusion into the boundary layer and adsorption are
mixed and difficult to separate until one looks at the desorption profile.

The first component of desorption is bulk flow, i.e., removal of the bulk
protein solution, followed by diffusion from the boundary layer to the bulk
solution. This diffusion process equilibrates within 50 seconds. The
remainder of the curve is best studied with reference to Figure 6a which plots
the entire desorption profile over 60 minutes.

The desorption curve can be broken up very nicely into four components.
Component 1 is believed to be due to flush and removal of the bulk protein
solution; component 2 is due to diffusion from the boundary layer into the
bulk; components 3 and 4 are due to true desorption of the IgG from the
surface. Component 3 might be considered a loosely bound component and
component 4 a more tightly bound slower desorbing component. The latter two
desorption components are observed on hydrophobic polystyrene but are not
observed on hydrophilic quartz. See Figure 6b. A two stage desorption
profile also seems to occur on the n-pentyl silane treated quartz surface
which is also very hydrophobic. See Figure 6c.

Figure 7 shows step isotherms for IgG adsorption onto hydrophilic quartz
and onto a 500 angstrom thick polystyrene film on quartz. Each kinetic
experiment was allowed to run until an obvious plateau had been reached at a

given bulk concentration, C The bulk protein was then flushed out with PRBS

B
buffer which made it possible to discern any bulk signal component present.
Then a second protein solution of higher bulk concentration was added to the
same cell and adsorption was allowed to proceed to equilibrium. This sequence

continued to the highest bulk concentration evaluated. The result is a

sequential or step isotherm. The background subtracted data are plotted as
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post flush bound protein fluorescence intensity vs. bulk protein
concentration. Bulk protein concentrations as low as 0.01 mg/ml were readily
detected. We have calculated that at a bulk protein concentration of ,002
mg/ml, it would be possible to detect a minimum of 0.002 ug c:rn'-2 of adsorbed
protein on the polystyrene surface. The results are somewhat better for the
adsorption of IgG onto clean quartz due to the lower background scatter
signal.

The role of polymer film thickness on the overall results was of
considerable interest. Different polystyrene film thicknesses were produced
by dipping quartz plates in four different polystyrene solutions: 1,2,3, and 5
wt. % polystyrene in toluene. Fluorescence emission spectra were obtained
both before and after protein exposure to the surfaces. Adsorption
experiments were conducted at two bulk protein concentrations, 0.05 and 1.0
mg/ml. It was very easy to detect IgG adsorption onto polystyrene thin films
at bulk concentrations as low as 0.05 mg/ml. The one, two, and three percent
solutions give film thicknesses of roughly 500, 1000, and 1500 angstroms,
respectively, as determined gravimetrically. 1In progressing to five percent
solutions, the films became considerably thicker with a resultant higher
background scatter signal and a loss of protein detectability. Alsojas <
polystyrene film thickness increased, the exciton fluorescence emission peak
at about 323 nm also increased significantly, contributing an even higher
background to the signal. This would probably not be the case with other
polymer systems which do not have this fluorescence mechanism. Optimum
results were obtained for the 500 & thick film. The fluorescence due to
adsorbed protein was the predominant signal with such films. With thicker

films the film fluorescence was larger than the adsorbed protein fluorescence.
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FIGURE CAPTIONS

Figure 1. Coordinate system at the interface between two media of different
refractive indices ny and n,. The incident radiation is reflected at an angle

6 where 6 exceeds the critical angle, BC. See References 2, 8, and 9.

Figure 2. The standing and evanescent interfacial electromagnetic waves at a
totally reflecting interface.

Figure 3. “A typical TIRF protein adsorption experiment. See text for

| W
'l 2211

details.

Figure 4. Inflow and outflow kinetics for a nonadsorbing fluorescein-labelled

dextran of 64,000 Daltons.

Figure 5. The first 40-50 seconds in the adsorption and desorption of IgG on

polystyrene. (See text for details).

Figure 6. Desorption profiles for IgG from (a) polystyrene, (b) hydrophilic

quartz, and (c) n-pentyl silanized quartz (see text for details).

Figure 7. Step isotherms for 1gCG adsorption onto hydrophilic quartz (@) and

hydrophobic polystyrene (0). (See text for details).
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Activated carbon has been used for a long time in
medicine, mainly as an oral antidote in cases of acute
poisoning. In the last decade investigations have
started in the use of activated carbon to remove tox-
ins in uremia, hepatic failure and acute poisoning.
The treatment involves either perfusing the patient’s
blood through a column containing coated activated
carbon or oral ingestion of the adsorbent. Another
area of importance is dialysate regeneration, in which
adsorbents are used to reduce the volume of dialysate
required for hemodialysis.

Different criteria are required for selecting the car-
bon to be used in each application. Activated carbon
used for hemoperfusion must be clean, generate

very low numbers ofl particulates and be non-

thrombogenic. To enhance blood compatibility the
carbon is coated with a biocompatible material. The
size and geometry of the particles are important in
hemoperfusion to minimize hemolysis and platelet
drop and to ensure satisfactory hemodynamics.

Properties of activated carbon

Smisek and Cerny [1] have reviewed activated car-
bon, its preparation and its properties. Activated car-
bon is a highly porous material prepared by carboniz-
ing and activating organic substances mainly of
biological origin, such as wood, petroleum, coal, peat
and shells. The high porosity and high surface area is
the reason [or the carbon’s large adsorptive capacity.
The product of simple carbonization is an inactive
material with a specific surface area of the order of
several squarc melers per gram. A sorbent with a
highly developed porosity and a correspondingly
large surface area is obtained by reaction with an
activating agent. Activated carbon is prepared either
by physical activation (reaction with steam or CO,)
or by chemical activation (reaction with zinc chlo-

©1976, by the International Society of Nephrology.

ride). The resulting pores can be classified into micro-
pores (radius < 20 A), transitional pores (radius, 20
A to 500 A) and macropores (radius, 500 A or
greater). Each of these pore types has its own func-
tion; the micropores determine the adsorptive capac-
ity, whereas the transitional and macropores enable
diffusion to the micropores to occur,

Activated carbons can be divided into two distinct
classes according to their physical shape, which is
related to the method of manufacture. The first is
granular carbon, produced by breaking and sieving
activated carbon into a narrow range of particle sizes.
In this case, the particle shape is irregular and the
macropore structure is a function of the original raw
material because during carbonization the volatiles
are removed as the macropore structure is formed.
The second 1s extruded granular carbon, produced by
extruding previously carbonized powdered material
with a binder, carbonizing and activating with steam.
In this case any large macropores present in the origi-
nal carbonized material have been destroyed by
grinding. Very spherical activated carbon beads can
also be produced by carbonizing and activating syn-
thetic polymer beads [46, 47].

Kinetically the solute molecule must first diffuse
externally through the liquid medium to the carbon
particle. Internal diffusion then occurs through the
macropores into the micropores where actual solute
adsorption takes place. The overall rate-limiting step
is diffusion within the macropore structure of the
carbon [2, 3].

The amount of solute adsorbed at a given temper-
ature and concentration of the bulk phase depends on
the nature of the adsorbent and on the components of
the solution. As a general rule, nonpolar solutes are
better adsorbed from aqueous solution than polar
ones. A further factor influencing adsorption from
solutions is the steric arrangement and chemical con-
stitution of the molecule.
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Adsorption generally intreases with increasing mo-
lecular weight in & homologous series, but other fac-
tors must be taken into account. Adsorptlion is
greater for molecules with straight chains than with
branched chains. The particle size of the carbon can
affect the rate of adsorption—the smaller the particle
the quicker it attains adsorption equilibrium. Other
parameters that affect adsorption are temperature,
pH and the presence of other constituents.

The activated carbons commercially available in
the United States include Darco, Columbia, Witco,
Fisher, Nuchar, Barneby-Cheyney, Norit and Pitts-
burgh. The main producer of carbon in Europe is the
Dutch Company Norit; France has Acticarbon; West
Germany has Lurgi and Degussa; Italy has Mon-
tecatini and Great Britain has Sutcliffe and Speak-
man Company and Norit-Clydesdale Co., Ltd. A
number of activated carbons are made in Japan, by
such companies as Takeda Chemical Industries, Mit-
subishi International Corporation and Nimura
Chemical Industries. Nearly every country has its
own carbon.

Activated carbon in medicine

The use of activated carbon in medicine to treat
disturbances in the digestive system and to remove
poisons has been known since the time of Hippo-
crates. The first systematic studies of carbon as an
antidote were made in 1846. Holt and Holz [4] stated
that the most effective antidote for poisons is orally
administered activated carbon.

Carbon hemoperfusion began with the report by
Yatzidis in 1964 [5, 6] in which he reported that
crealining, uri¢ acid, indican, phenolic compounds.
guanidine bases and barbiturates are readily re-
moved by actlivated carbon. Urea, phosphate and
sulfate were poorly removed. Dunea and Kolfl [7]
reported that platelets were reduced by 50% and Hag-
stam, Larsson and Thysell [8, 9] found carbon par-
ticles in the lungs, spleen, liver and kidneys in their
studies of activated carbon hemoperfusion. To min-
imize blood damage and fine particle generation dur-
ing carbon hemoperfusion, various investigators have
used coatings of polyhydroxyethyl methacrylate
(PHEMA) [10-13], cellulose nitrate [14, 15], cellulose
acetate [16, 17], cellulose triacetate [18], methacrylate
copolymer [19], acrylic polymer [20] and combina-
tions with albumin either adsorbed or crosslinked
[21]. Table 1 lists the variety of coatings used for
activated carbons. Hemoperfusion has also been used
very successfully in the treatment of drug overdoses.
It effectively removes paracetamol, paraquat [22, 23],
barbiturates, methyprylon, glutethimide, meth-
aqualone and salicylates [24, 25, 27]. Other in-

vestigators have evaluated the use of carbon to treat
hepatic failure, but conclusive results are not yet
available [28, 29].

Greenbaum and Gordon [30] developed REDY,
recirculating dialysate system which uses a combina-
tion of activated carbon, urease, zirconium phos-
phate and zirconium oxide and uses six liters of dialy-
sate. Problems with the nonspecificity of zirconium
phosphate require the infusion of magnesium, potas-
sium and calcium ions. The dialysate side of the
wearable artificial kidney being developed at the Uni-
versity of Utah [31] uses 250 g of activated carbon.

Activated carbon may also remove the so-called
middle molecular weight toxins. Chang et al [45] have
documented the efficiency of this in removing com-
pounds of 1000 to 1500 mol wt in serum of patients
with chronic renal failure. The carbon hemoperfusion
column could be used in conjunction with a hemo-
dialyzer Lo assist in the removal of creatinine, uric
acid and middle molecular weight toxins or in series
with an ultrafilter to remove water.

Activated carbon has also been used successfully to
remove certain uremic toxins from the gastrointes-
tinal tract, mainly uric acid and creatinine [32, 33].

There are a number of problems with activated
carbons. Uncoated carbon is quite traumatic to the
formed elements in blood. This is an example of a
material that first appeared very promising (high ad-
sorption capacity) but had to be extensively modified
(washing and encapsulating) before it was suitable
for medical use. The generation of small particulates
may lead to microembolic problems. These micro-
particles or fines are probably generated during acti-
vation and shipping of the carbon, and for most
industrial applications they are not a problem. How-
ever, for a specialty application such as hemoperfu-
sion the fines are a major disadvantage. If not re-
moved from the surface of the carbon before use, it is
likely that these microparticles would be carried into
the patient’s body by his own blood during hemoper-
fusion, Several investigators have shown that micro-
emboli are a serious problem if the carbon is not
adequately washed before use and as a result have
questioned the safety of hemoperfusion [8, 17, 34,
35]. Activated carbons before being used medically
should be properly evaluated.

Evaluation of activated carbon

A series of tests should be employed to evaluate
activated carbons. Table 2 presents these evaluation
tests. If an investigator wishes to use an activated
carbon that is easily available, the minimum tests that
should be performed are microparticle generation,
adsorption capacity and ion elution. A simple
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Table 1. Coating of activated carbon for medical applications [26]®

Coating Investigator Year®  Institution City
Albumin, adsorbed Coleman and Andrade 1974 Univ, of Utah Salt Lake City, Utah
Herbert et al® 1564 M. Sinai Hosp. New York
Albumin, adsorbed on Chang 1969 MeGill Univ, Montreal
cellulose nitrate
Albumin, crosslinked Andradeetal 1971 Univ. of Utah Salt Lake City
Coleman and Andrade 1574 Univ. of Utah Salt Lake City
Cellulose acetate Y atzidis 1966 Univ. of Athens Athens
Rosenbaum et al 1968 Temple Univ, Med School  Philadelphia
Cellulose triacetate, Dentietal 1973 SORIN Saluggia, Italy
deacetylated
Cellulose nitrate (collodion) Chang 1968 MeGill Univ. Montreal
Rietema and Van Zutphen 1972 Tech Hoge School Eindhoven
Dextran, adsorbed Herbert etal® 1965 Mt. Sinai Hosp. New York
Haemoglobin, adsorbed Lauetal® 1965 Mt, Sinai Hosp, New York
Heparin complexed Chang 1967 MeGill Montreal
cellulose nitrate
Hydroxyethyl cellulose Davisetal 1974 So. Research Inst. Birmingham, Alabama
Methacrylate copolymer Gilchrist et al 1974 Strathclyde Univ. Glasgow
Nylon Chang 1566 MeGill Univ, Montreal
Polyhydroxyethyl Andrade et al 1971 Univ. of Utah Salt Lake City
methacrylate Willson etal 1973 King's College Hospital London
Unidentified acrylic polymer Fennimore et al 1974 Smith & Nephew Harlow, Essex

Research Ltd.

* Refer to [26] for list of references.

® Year of first report or, for unpublished work, year of our first knowledge of the work.

¢ For clinical assay applications.

method should be used to ensure that the carbon is
properly washed and coated and, if it is used for in
vivo purposes, to ensure that the carbon column is
sterile, nontoxic and pyrogen-free. The ensuing dis-
cussion will be concerned with evaluating some of the
different types of activated carbons.

Activated carbons as sent by the manufacturer
should be subjected to an initial cleanliness test to
determine the amount of microparticles present on
the surface. The test could simply consist of washing
the carbon, filtering out the released fines on a filter
and weighing the filter [34].

An important [actor associated with the fine car-
bon particle problem is removal of these potential
emboli before the carbon is used in an in vive experi-
ment. Different investigators use different washing
techniques [15, 34, 36, 37]. In each case water is used
to wash off the microparticles. The effectiveness of
the washing technique could be determined either by
examining the carbon surface before and after wash-

ing by scanning electron microscopy or by filtering
and weighing the microparticles in the final wash
solution,

If a fluidized bed is selected, continuous carbon
particle collisions occur, resulting in particle [rag-
mentation and the creation of particles small enough
to escape the restraining screens and be carried into
the blood stream as emboli. In a nonfluidized bed,
particle agitation is almost nil and the pressure drop
over the column is much lower, The nonfluidized bed
has been selected by nearly every investigator study-
ing hemoperfusion. Two main types of attrition test-
ing have been developed. One is use of compressed

Table 2. Summary ol tests to evaluate carbon

I. Cleanliness

2. Washability

3. Attrition resistance
4. Surface morphology
5. Adsorplion capacity

6. Microparticle generation

7. lon elution

8. Blood compatibility

9. Sterility, toxicity,
pyrogenicity
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air to agitate the particles in a column and the other is
use of a rod or ball mill. In each case the fine particles
or the granules remaining arc weighed to determine
the weight change [34].

The surface area of the activated carbon is the
deciding factor in the adsorption capacity. Carbons
vary in available surface area with the type of activa-
tion and its duration. Simple in vitro screening tests
for measuring the carbon’s adsorption capacity for
creatinine or other solutes are available. More com-
plicated tests, such as benzene adsorption, are avail-
able to measure surface area.

Scanning electron microscopy can yield significant
information with regard to the shape of the carbon
particle, its macropore structure and the number of
microparticles present on the surface. If the pore size
distribution is required, mercury porosimetry is used.

It is important to quantitate the number of micro-
particles being generated during hemoperfusion.
Some of the techniques available are nephelometry,
coulter counting and filtering. In nephelometry a ver-
tical beam of light is passed through the test solution,
and the degree of light scattering is a function of the
number of particulates present. The scattered light
can be detected by a photoelectric device. Coulter
counting counts particulates by measuring changes in
resistance caused by the particulates displacing an
equal volume of electrolyte, The filtering method uses
a 0.2u or 0.8u Millipore or Nuclepore filter, through
which the test solution is filtered. The amount of
microparticles is found by weighing the filter or
counting the fines [38]. The number of particulates
being produced should be less than that recom-
mended for i.v. fluids [43].

Variable levels of heavy metals are present in the
raw carbon, and high levels of copper contamination
have been noted [39]. Proper ion elution techniques
must be used, which generally consist of acid washing
followed by water washing. This necessitates the use
of water that is free of heavy metal ions.

To improve blood compatibility and to decrease
the number of microparticles being generated by at-
trition, activated carbon has been encapsulated with
a variety of coatings. Unfortunately, the coating of-
ten decreases the carbon’s adsorption rate and may
decrease the capacity. Various investigators have
used different techniques of coating [rom spray coat-
ing to pan coating. DifTerent solvents have been used,
depending on the polymer. Albumin can be adsorbed
or crosslinked to the surface.

Proper tests must be made to ensure that the acti-
vated carbon and the hemoperfusion column are ster-
ile, nonpyrogenic and nontoxic.

This paper has not discussed column design, mate-

rial of construction, flow parameters or pressure
drops. Dunlop and Langley [44] concluded that dif-
fusion through the boundary layer is the rate-limiting
step in the adsorption onto activated carbon. They
also suggested that a long, small-diameter column
may be the optimal design for mass transfer. How-
ever, a very long column may not be optimal for
blood compatibility.

Results and discussion

Commercially available granular and pelletized ac-
tivated carbons vary widely in terms of initial micro-
particle content. The studies by Van Wagenen et al
[34] on U.S.A. carbons showed that Witco 517 and
256, Columbia carbons JXC, LCK and MBV, Barn-
eby-Cheyney FP and pelletized Norit RBI were the
cleanest carbons in the as-received state.

Various carbons differ in terms of efficiency of
water washing. Some carbons can be effectively
cleaned, depending on the washing process being
used. Van Wagenen et al [34] reported that the Witco
carbons 517, 256 and 337 as well as the Columbia
carbons JXC, MBV and LCK were all effectively
cleaned by water washing. Water washing a strong
carbon cleans it by washing off the microparticles.
Collisions between carbon granules are not sufficient
to produce more microparticles. On the other hand,
washing a weaker carbon under the same conditions
may be sufficient to produce a sizable number of
microparticles from collisions. A point of dimin-
ishing returns is reached and the carbon does not get
any cleaner, since as many microparticles are being
created as are being washed away. Various in-
vestigators have used different washing techniques,
and these are well documented [15, 34, 36, 37].

Witco carbons 517, 125 and 337 and Columbia
LCK were found to be more resistant to attrition
than Norit. Darco and Pittsburgh SGL granular acti-
vated carbons [34]. Table 3 shows the attrition test
data of Van Wagenen et al.

Van Wagenen et al [34] reported very good in vitro
adsorption characteristics for creatinine using Witco

Table 3. Attrition test data using compressed air to agitate
the carbon granules [34]

Average Average
Carbon brand Mesh weight loss, weight Trials

and grade size g=x 1sp loss, % N
Witco 517 12 % 24 2.52 & 31 12.6 10
Columbia LCK 12 X 24 3.14 £ 21 15.7 9
Witco 337 12 X 24 3.53 £ 21 17.65 9
Witco 125 12 % 24 397 + 44 19.85 9
Pittsburgh SGL 12X 24 455 £ 79 22.75 7
Norit 12 % 20 742 + 37 37.10 7
Darco 12X24 11.92 £ 21 59.6 4
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517 and Columbia LCK (Fig. 1). Denti et al [38],
Walker [36] and other investigators found good
creatinine clearances with the carbon they selected.
Figure 2 depicts the adsorption characteristics of un-
coated and coated carbon for molecules of different
sizes, showing that for increasing molecular weight
compounds it is mainly diffusion through the poly-
meric coating that decreases the carbon’s adsorption
capacity [37]. Il 200 g of carbon is used at a flow rate
of 100 ml/min, creatinine clearance can be main-
tained at over 100 ml/min for three hours [12].

The surface morphology of different carbons varies
markedly, depending mainly on the type of material
and the form and duration of activation. Some, as
mentioned previously, have fewer microparticles on
the surface initially than others. Van Wagenen et al
[34] have documented this for a number of the pre-
viously discussed carbons.

The University of Strathelyde group [19, 36, 40]
chose an extruded activated carbon because it would
have a smooth surface, a more regular geometry and
more control in the formation of the macropore
structure. Benzene desorption and mercury poro-
simetry experiments were reported [40]. Investigating
BAC-MU, a very spherical activated carbon of uni-
form size and minimal impurity manufactured by
Mitsubishi International Corporation, Japanese in-
vestigators [46. 47] found that in comparison to coco-
nut activated carbons tested, the adsorption capacity
especially for middle molecular weight compounds
was much higher for BAC-MU and the microparticle
generation rate was five times lower.

Van Wagenen et al [34] found that the shape of the
majority of the microparticles was quite irregular for
the larger particle sizes (>20u) and more uniformly

e 1 Fisher coconut

2 Darco granular

3 Norit granular
80 4 Wiico 517

5 Columbia LCK

Creatinine concentration, mg/100 mil

o 20 30 40 50 60

Time, min

Fig. 1. Radiolabeled creatinine solute depletion from agueous solu-
tion by various grades of gramdar activated carbon as a function of
time [34].
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Fig. 2. Adsorption characteristics of uncoated and coated deacety-
lated carbon for molecules of different sizes [37].

ellipsoidal in the case of smaller particles. Figure 3
represents the particle size distribution of micro-
particles generated using Witco 517 carbon when a

carbon/water slurry was agitated and the solution
fliltered through a 0.22u Millipore filter. Almost 35%
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Fig. 3. Particle size distribution of microparticles generated when
Witco 517 carbon is agitated in water [34].
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of all the microparticles are in the 2 to 3u range, 94%
are in the 1 to 7u size range and less than 5% of all
the microparticles are larger than [0g. This does not
necessarily relate to sizes generated during hemoper-
fusion, as the in vitro test conditions are different,
Gilchrist et al [19] reported that the particulate gener-
ation with the 100 g Strathclyde column was 1 par-
ticle/5 ml, mainly in the 2 to 5u range. Denti et al
[38] reported that the release of particulate matter
with uncoated carbon was a 8.6ug before washing
and 3.8ug after washing. Coated washed carbon
generated 0.4ug. The amount of carbon was 125 g,
the flow ratc was 50 ml/min and the time was six
hours, Using a coulter counter, Denti found that the
microparticulates generated came mainly from the
perfusion circuit and not from the coated carbon.
Van Wagenen, Coleman and Andrade [41] reported
similar results and found that a column of well-
cleaned, strong activated carbon (200 g) perfused at a
flow of 150 to 200 ml/min for three hours gencrated
200 to 500 pg carbon particles, in the 1 to 2u range.
Watson et al [39] have graphed the concentration of 2
and 5u particles leaving the wash fluid of their col-
umn as a function of time. It is difficult to compare
the microparticle generation rates obtained from dif-
ferentl investigators, as different amounts of carbon,
different flow rates and different volumes of perfusate
have been used. The microparticle generation rate
should be expressed in micrograms of microparticles
generated per gram of activated carbon per hour per
m! of perfusate. The flow rate used should also be
stated. It has been recommended that there should be
no more than 1000 particles/ml at 2u or no more
than 100 particles/ml at 5p for iv. fluids [42, 43].
The number of microparticles generated by carbon
hemoperfusion should be less than these values.
Water-extractable ions should be removed from
the carbon before hemoperfusion begins. As different
activated carbons use different starting materials,
e.g., peat, petroleum and coconut, the ion con-
tamination of the carbons will vary widely. Smith and
Nephew have shown that for their activated carbon,
although derivatives of copper are not extracted by
water or saline, these derivatives may be leached out
by plasma or serum [39]. To remove water-extract-
able materials, Denti, Giovannetti and Luboz [18]
employed the following washing technique:

(a) Wash in concentrated hydrochloric acid.
(b) Wash in boiling water until pH rises to 6-6.5.
(¢) Prolonged wash in deionized water.

Denti et al concluded that acid washing is sufficient
for decreasing the ion release to safe levels [18].

With regard to the polymer coating, a wide variety
of polymeric materials have been used by different
investigators. Many of the coatings do significantly
decrease the number of microparticles and increase
the blood compatibility and do not severely decrease
the adsorption capacity of the carbon.

A very strong carbon may not require a strong
coating, whose function is to reduce microparticles—
such a carbon requires only a blood-compatible coat-
ing. A weak carbon requires a strong coating to min-
imize fines production and to act as a blood-compat-
ible surface. If a thin protein coating, e.g., albumin,
was used to encapsulate the carbon, the carbon se-
lected must have an intrinsic low microparticle gener-
ation rate.

If carbon hemoperfusion is used acutely as in drug
overdose, the concern over microparticles and blood
compatibility may not be as great as when carbon
hemoperfusion is used chronically as to treat chronic
uremia or hepatic failure.

The carbon column should have a very low prim-
ing volume and very low blood loss, especially if
applied to uremic patients. Gilchrist et al [19] re-
ported a 2 to 8 ml blood loss with a 500-m] washback
through a 100-g carbon column at an average flow
rate of 150 ml/min. The University of Strathclyde
group [19] also found a 30 to 40% reduction in plate-
let levels with coated carbon in preclinical eval-
uations, and in clinical evaluations no platelet drops
in excess of 25% of the initial count were reported.
Valeet al [25] reported a mean fall in the platelet level
of 38% using 300 g of coated carbon (Smith and
Nephew Research, Ltd.) at a flow rate of 100 to 300
ml/min. Chang [15] reported a post-hemoperfusion
value of 91.8% £ 11.8% using 300 g of albumin-
coated collodion-microencapsulated activated car-
bon at a flow rate of 150 to 200 ml/min. Andrade et
al [12] reported a 20 to 50% platelet drop in the first
hour of perfusion using albumin-coated carbon and a
platelet drop of 20% or less in one hour of perfusion
using polyhydroxyethyl methacrylate-coated carbon.
The platelet drop for uncoated carbon was 50 to 70%.
Denti obtained a 54% platelet drop after one hour
using 125 g of cellulose-coated carbon at a flow rate
of 50 ml/min in dogs (unpublished results). Odaka et
al [46] reported a 20 to 30% platelet 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 the platelet
drops reported by different investigators if different
types of animals were used in their experiments.
Rosenbaum, Ronquillo and Argyres [17] found that
the platelet drop that occurred during coated-carbon
hemoperfusion was similar to the drop obtained
during conventional hemodialysis treatment.
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Care must be takeén in sterilizing the carbon col-
umn. If autoclaving is used, the high temperatures
(120°C) may cause structural changes in the polymer
coating. Some coatings are autoclavable; others may
not be. If ethylene oxide is used, it will be adsorbed
onto the carbon, and if the carbon has a high concen-
tration of chloride ion, ethylene chlorohydrin will be
formed, which 1s toxic. Investigations by Walker [36]
showed that it takes three to four weeks for desorp-
tion of ethylene chlorohydrin from coated carbon. If
the carbon has a low concentration of chloride ion,
then the time required for desorption of ethylene
chlorohydrin will be less. Another method is radi-
ation sterilization of activated carbon, although no
work is available at present. Two percent formal-
dehyde solution has been used, but care must be
taken to ensure that it is completely desorbed [19].
Activated carbon will adsorb gases from the air or
impurities from water, and great care must be taken
in the storage of carbon, the method of washing and
codting to ensure optimal conditions,

Activated carbon can adsorb pyrogens from con-
taminated distilled water and tap water. To prevent
pyrogenic reactions from occurring, a sample of fluid
from the outlet of the column should be submitted
for a pyrogen test. All the materials used in the col-
umn construction, carbon and coating material must
be nontoxic, nonpyrogenic and sterilizable.

Conclusions

As the different activated carbons vary in their
properties, it is essential in hemoperfusion that the
activated carbons be properly evaluated to select the
best ones for use. The evaluation tests which were
discussed were for cleanliness, washability, attrition
resistance, adsorption capacity, microparticle gener-
ation and ion elution. Scanning electron microscopy
can give uscful data on the surface morphology of the
carbon. The polymeric coatings should be tested for
blood compatibility and tests made on the complete
device to ensure sterility, nontoxicity and non-
pyrogenicity.

Witco 517, Columbia LCK and Norit RBI are
carbons which appear satisfactory for use in hemo-
perfusion provided that the appropriate handling and
preparation is used. Other activated carbons may be
used as long as they are thoroughly washed and the
microparticle generation rate is less than the limits set
for i.v. fluids. If carbon hemoperfusion is used chron-
ically as an assist to treat chronic uremia, concern
over the microparticle generation rate, blood loss and
blood compatibility will be greater than if carbon
hemoperfusion is used acutely to treat poisoning.

The selection of the carbon to be used is only one
of the aspects of carbon hemoperfusion that must be

evaluated; others include column design, flow rates
and pressure drops.

The activated carbons used in dialysate regenera-
tion could have higher adsorption capacities and
hence a higher microparticle generation rate, as they
are not coming into direct contact with blood.
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