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ABSTRACT

Bdium steafate honolay€rs wefe deposited on polished clean geimanium and copper
subimies using the Blodget technique. Filh thickne$es werc derermineil by e ipsomedy
by assuming ihe lilms were opt'caly isotropic with a refractive ilder of 1.5 and at
abso4tion coefficienl of zero. Xray photoel€ctron spectroscopy intehsity ratios,
obtained at 223K to minimize vaporization, were used ro deierhine eleciron inelasric
hean free path6 (iMFP) in the barium stedate lay€rs. The subsl,fare phoroelectfoD lines
cov.r a binding €nergy range ol1200eV.IMFP values.ange Iroh appforimatety 2? I 5A
at about 230eV io 65 1124 ar abour 1480eV kin€ric €ne€y. The approxim;rely linear
Bhape of this fuhctiof, togeiher wiih the ihfoughpui function of the inst ment, suggests
that over the binding energy range of 0-600eV, the photoelecrron mean f.ee paths and
ihroughput effects in the Hewl€tt-Packard instruhent approxihatelv cancel.

INTRODUCTION

The interpietation of X-ray photelectron spectroscopy data often requ es
inforrnation on electron mean free paths as a function of electron kinetic
energy in a variety of materials. Such data arc important in determining tfte
€scape depth or the sampling depth from which the X-ray photoelectron
spectroscopy signal a.rises in order to evaluate the surface sensitivity or
insensitivity of a particulax experiment properly and to pedorm quantitative
analyses [1]. Mean ftee path data as a function of photoelectron kinetic
energy are requfued in order to quantitate poperly regions of the photo-
electron spectrum diffe ng widely in binding energy. A number of authors
have argued that photoelectron mean free paths in various classes of solids
should be consid€rably different [2]. Others argue that photoelectron mean
free paths in solids ought to be approximately the same and should follow
the same kinetic energy function [3] .

'To whom correspond€nce an.l reprihtrequesk shoukl be addresed.
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Fibroblast Cell Proliferation on Charged Hydroxyethyl
Methacrylate Copolymersl

S. HATTORI, J, D. ANDRADE,* J. B. HIBBS, JR.,I D. E. GREGONIS,
AND R. N. KING

DeDa hdt ol Matqials Science md Engine ne, * Depannent oJ Bioaqineetihg, dft.l lDepanhent d l4tnal
M.diciw, uftite^itl. of utan, salt Lab cry, utah 84112

Receiled Juno 22, 1983; adpled Septenbq 12, 1983

Two nbroblstic celt lines, 3T3 and 3TI2, w€E srcwtr or hydrcpbilic hydrcd substntB conlaini.s
vanous monnts of pGitive or ne8lalrve chdse. The naErials werc copolymeB of hydroayetnyl
nethadylale (HEMA) and nothacrylic acid (MAA), , /,Nilnethylanino€lhyl nethacrylate hydrc-
chloride (DMAEMA-HCI). or tnhethylaminoethtl metacrylale cl odde (TMAEMA-CI). The enples
w€r peparcd d spnn dsl filns on ullacl@ slds micrNope slides. The cells were groM in l0%
fetal bovirc stum supplenented Dulbic@'s modified nedium (DMM). B.ih cel lines suFived and
prclifented or the positivelt cha.ged DMAIMA-HCI or TMAEMA Cl copolyne4 widr HEMA.
Colls did not swive on the negalive MAA-HEMA cop.lydeB nor on the oeutral FJEMA homopol-
]m€R Prolifeotion did nol @relale with vat€r corlerl of lhe gel malerials. Atlachment 4 well as
proliferation did oftlale wel wilh zela potential and nole pe@nlage positive cnarg€ s det€ni.ed
bY buik titntion dtla.

INTRODUCIION

Studies of cell adhesion and/or prolifemtion
on synthetic materials incorpomting charged
moieties have been reported (l 4). To date,
however, there has been Do s)stematic char-
acterization of the materials used in such
studles, and consequently the interpretation
of cell behavior on charged substaDc€s rc-
mains an open question.

In this paper, the rcsults of c€ll survival
aDd cell prolifemlion kinetics are reported as
a fuDction ofthe measured charge on copol-
ymer sub6trates using standard mouse fibro-
blast cell lines.

MATERIAIS AND METHODS

Polymers. The ge'l,erzi polymer system used
in this study is shown in Table I. The plep-

I Pmnted at lne symposiun "I.ilial Evenls on Bimt-
tachme ai lhe Solid-Liquid lnbrface beld ar fte
Aneri@n Cheni€l S@iety deeti.g, la Veeas, Ne€da,
Marcn 198 I , under fie auspices of rhe Colloid Chemisl.y

72
002r-9?9?/85 $3.00
canh @ rer5 by ,€dc Pq ric.
Nl 'ics or EFld|di@ i by im 6rd

amtion and chamcterizatlon details have been
Feviously outlined (5, 6). The polymers were
used as thin films obtarned by spin casting 1
*'t% linear polymer solutions in dimetlyl
formamide (DMF) onto particulate-free bo-
rosficate glass coverslips (No. 2, 24-mm
diam, Sargent-Welch, Anaheim, Calif.). The
initial solution contained I moleTo hexame-
thylene diisocyanate (HMDIC) as a post-
crosslinking agent. The coverslips were
cleaned by standard methods iD a clean room
(6, 7). The polymer surfaces were random
and homogeneous, thus minimizing structure
eflects (8, 9) on the cell gowth results.

The positively charged copolymer series
(DMAEMA-HC1/HEMA aDd TMAEMA-CI/
HEMA) adhered strongly to the negatively
chaBed glass subsftrc. The negatively
charged MAA/HEMA series, however, re-
quired silanization of the glass supporl with
aminopropyltrietloxy silaDe (Aldrich Chem-
ical Co., Milwaukee, Wisc.) to eDsure good
bonding with the MAA/HEMA copolymers
( 5 , 6 ) .

tahast ilcatoit ard |tuatu. sci%4



FIBROBLAST GROWTH ON CHARGED SURFACES

TABLE I

PolrmeB Usd in Chandenzins Cell Gro*th on Ch.rged Copolyner Substrdtes

i  i ' l
f  or ,  c  { , *mqw**

l= , ,1 .

cHr cHr oH
H

uydroarelhyl nerhacr_vlaie

melh&rylale hydrochiondc
(ioniczlly qullemized)

melhacrylale chloride
(covaLenlly qualemized)

t  i ' ' l
fcH. cH. 'N H Cl

I L. l
t  i " ' I-fcx, cn, +r cx, cr
I  L , ]

HEMA Neulnl

DMAEMA HCI Posililely charged
(pl] dep€ndenl)

i MAEMA-CI Posilil€ly clarsed
(pH independenl)

Prior to casting the polymer soluiions werc
liltered through l-pm Fluoropore fil1ers (Mil
lipore Corp., Bedford, Mass.). Spin casling
was pe.formed in a class 100 laminar flow-
hood using a Headway Research Model
Eclol spin coater operating at 4000 rpm lbr
l0 sec. Samples were subsequently oven cured
under dry nitrogen at 80'C ovemight. Three
coatings (200 pl total soluaion volume) were
given to assure complete coverage.

The coatings were characterized by X-ray
photo€lectron spectroscopy. Coanng thickness
was determined gmvimelncally to be geater
than 200 A. Prior to use, rhe covenlips were
srorcd individually in polyslyrene petri dishes
(Becton Dickinson Labware, oxnard, Calil).
Streaming potential measurernenls (10) were
obtained on similarly polymer-coated I x 3-
in. microscope slides.

Coverslips were exuacted in serum-free
Dulbeccot modiEed media (DMM) I day
prior to the experiments. This step was de-
signed to extract residual solvent liom the

polymer, and at the same time equilibrate
the polymer in the media. Each coverslip
was placed in 2 ml of DMM and was incu-
bated ovemight at 37'C- The folowing day
the extractant media was discarded and the

An inhibition of cell growth (ICG) test was
run on the extracts (Microbiological Deve!
opment and Confrol, lnc., Salt Lake City,
Utah). The procedure used is a modited
version of the Autian me.hod (11) for the
evalualion ofpolymer toxiciry to various cell
lines. The procedure is based on the premise
that cells in the presence of leached toxins
would show an inhibiled rale of metabolism
and hence produce lower than usual amounls
of protein. Bdefly, the procedure is as follows:
rnodified Easle's medium (MEM) was used
with serum for extraction to conform witl
the toxicity test protocol. The coverslips were
equilibrated ovemight at 37"C as usual, and
the media (extract) were collected. The ex-
tracls were mixed witlt double strength MEM

rdwt rl c'xtd h't ttu.Ju s.ide, vor !s. No r, Muh ss
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€20o
; rso

and added to an L929 mouse fibroblast cel
growth assay tube. After 72 hr ofincubation,
the total protein coDtent of each tube is
measured using the colorimetdc metlods of
Lowry'. Percentage iDhibition (% ICG) is taken
as the p€rcentage change in optical density
of the sample tubes over the control tubes,
adjusted for zerc time, in the absence of
extacts. The FecisioD oftle ICG procedure
is approxjmately:t1070. Values of 10-15%
inhibition suggest a low level of inhibition,
while values of over 15% are genemlly con-
sidered to be indicative of a toxic material.
These values are derived from extensive ex-
periments utilizing dircct tissue reaction
studies (11). The MEM used in the exhaclion
did not affec1c€[ groMh diflerendy compared
to DMM as observed in the polymers ex-
tmcted in both media.

Celh. 3T3 and 3Tl2 cell lines were ob-
tained from the American Type Culture Col-
lection (ATCC, Rockville, Md.) and main-
tarned in DMM with l0% fetal bovire serum
(FBS) at pH 7.4. Cells were try"sinzed,
counted, and rcsuspended in DMM + 1070
FBS. Trypan blue dye exclusion showed
greater than 95% viability. CeIs were seeded
at low density, 1.3 x 104 cells/dish, for the
kinetic studies and l0 times that for the
hlgh-density gxowth studies. The cels were
fixed and stained in 270 gluteraldehyde and
109, Giemsa and counted using light micros-
copy at ahut 100X. Twenty-six measure-
ments were taken at l-mm int€rvals across
the coverslips and the average number of
cells/mm2 was calculated.

The kinetic study is defined as folows: the
cells werc s€eded into petri dishes. They were
fixed, stained, and counted at intervals of l,
2, and 3 days for 3Tl2 cells, and at 2, 4, and
6 days for the slower growing 3T3 cells. The
kinetics of cell prcliferation are determined
liom t]le number of cells counted at these

In addition lO-min adhesion (attachment)
studies were done. The c€lls were a.llowed to
settle on the coverslips for 10 min and were
then lixed and couDted. Slandard glass and
rM aJ ctuid ond Inblw siid,

sudace modified pol)styrene tissue culture
substrates were used as controls. Prolil€ration
at high seeding density (1.3 X 10" cells/dish)
was observed at I day (3T12) or 2 days (3T3)
to see ifany ditrerence in proliferalion existed
between the two cel lines thaa may not be
apparent at low seeding density.

RESULTS

Toxicity

The ICG test showed that the 35%
DMAEMA-HCI/HEMA copolymer may be
mildly toxic (5). All other materials were
nonloxic by the ICG assay.

Cell Allachment antl Prolilbration
Flgures 1 and 2 show the groBth curves of

3T3 and 3Tl2 cells on the various substrates-
Symbols ofthe same tlpe lined up vertically
represent the same copolymer type with in,
creasing amounts ofadded chalge. Genera y,
increasing positive charge supports increasing
growth. As seen in Fig. l, the negatively

1 2 3 1 5
NO DAYs OF CELL GRO\^]TF

Frc. 1. 3Tl2 ceu proli&€tion a1 low sedidg density
on 1be snbslnres indicat€d. Note particuldly 1be rr/id
cncbs which de the highly portivelt .harsed co\.Jent\t
quaremized copolyn€r. The @U density incrces d.!
naiically bc1*een Days 2 a l ro nuly 250 ells/
nn'. Refwidg to Day 3 dara, the fonr solid circ16 in
thal column EpEnt ircreasins posirive cha4c dcnsity,
showins lhal the cell density incffi vftn increding
posirive charse density. Noie lhat the nesativ.ly charyed
nale;al al compaEble charge densiti6 des lol suppon
ccn groqth. a indiat€d by the tu|i.] hahales, ewn ^r 3
days.'fhe aeunal nate.ial, rhe open ltiaryl.s, stpports
sne groaln but il is ninidal even ar 3 da,s. Each
pon! epresnls thEe replicat6.
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O e 5
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d 3 m e p

I'D DAY5 OFCELL GRO\^]TH

Frc. 2. 3T3 cell glowlh a! low sftdins density up to
6 days. The sne seneral Esulls e snown he€ 4 in
Fis. I erceDr thal the gofih pe.iod Boes out to 6 days
with the conse<luent hipld cell density. Id lhis cell line
at 6 .iays, therc is a considerible grealer sprad in c€ll
densily wilh posirive charge chaacler of the copolyder
as indicaled by th€ sD@d in thc solid and open cncks
at Day 6 (conpared wilh Fis. l).

charged MAA/HEMA copolymeE do not
support proliferation to any measureable ex-
tent. This lrend can be seen more clearly in
the 2-day growth studies at hish seeding
density (l0X higher thaD used for Figs. I and
2) in Figs. 3 and 4. Here cell groMh is
plotted against mole7o charge, i.e., moles of
charged comonomer, expressed as % of iotal
monomer. Both plots confirm the results
shown in Figs- I and 2.

There are two aspects that might affect cell
prolifemtioD that could be influenced by
moleTo charger water content (wet weight of
gel^veight ofdry pol).rner) and zeta poteDtial
(10). The data for 3T3 cell gxo\,!'t} plotted

IMOLE % CHAFGE
FrG.4. 3Tl2 cell grcvlh a12 days for higl seedins

densny vs mole9', cbarge.

against each of these variables are shown in
Figs. 5 and 6. Here ce g.rowth is predomi-
nanlly dependent on the interfacial charge
character, i.e., morc crowth with positive
potential, and to a lesser extent on the degree
of swellins.

The t end of cell proliferation on positively
charged copolymen presented thus fhr is
initially noticeable in the attachment stage
(zero rime growth or plating emciency). Using
lT I 2 cells as an example, this trend is shown
in Fig. 7 (16). In fact, both 3T3 and lTl2
cells atlached and proliferated more mpidly
on positively charyed copolymeB. This tlend
was established 10 min after seeding and
persisted throughout the expeiments.

ln this study the majority ofthe copol)'rners
contained 1 moleTo crosslinker. To see if
substrate rigidity (ti8htening of the netwo*)

l .  +

3

2l,r'
MOLE % CHARGE

nc- 3. 3T3 ell groMh at 2 days ior hign wdrns
densily s mole% chaBe.

sWELL NG DEGREE N PBs

FIG- 5. lT3 cel srcn4h a1 1po .la's for hish sedine
d€nsity vs swelling degEes in PBS. Swelling degree
: yeight of swollen gel/weight of dry gel.
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ZETA POTENT ALIINVI

FrG. 6. 3T3 cell gro$rh ar 2 days for higt sdine
densly w subslnte zota ootential.

had any efecl 27. crosdinker concentmtioDs
were us€d for the copolymers contajniry the
highest amounts of charye (hence the higb€st
degr€e of swelling). The swelling degrees of
these polymers (measured on 3% Dositivelv
and negatively chargeal HEMI cofolymen)
were reduced to levels close to those of
pHEMA. The cell densiry resulrs, however,
were within lhe stanalard devialions of the
l% crosslinker values. Ifa righret more dgid
copolymer resulted ftom the 2yo crosslinker,
one might expect better growth, especially
with the anchorage depeDdent 3T3 cells. This

DISCUSSION

Toxicity
The toxicity test rcsults suggest that, in

general, the materials used for this stualy werc
not toxic to cells. Therefore, nonproliferation
when obse ed is untikely to be due to toxic
subslances leaching from the potymer. The
35% DMAEMA-HCI/IIEMA copollmer may
be toxic. Although cells generally prolifemted
on tlis material, it should be remembered
that the charge chamcter of a DMAEMA-
HCI/HEMA copolymer is pH dependent
thereby influencing both toxicity anal cell
culture measurements locally. Sinc€ the per_
manenfly quatemized TMAEMA-CyHEMA
copolymer is nontoxic, one might speculate
that the DMAIMA moiety is the poteDtial
toxicant. More rigorous toxicity stualies
rtu tcoltoat tu rtoatue $i@,

should b€ carried out to answer the many
questions raised-

Cell Attachment and Proliferution

Since gels are generalty regarded as non-
suq)ortive for nomal c€ll groMh ( -13), it
is interesting to note that both 3T3 and 3Tl2
c€lls grow on the posilively charged get sutF
strates. According to Figs. l-4, neither 3T3
nor 3T12 cells appear to prefe. DMAEMA-
HCVHEMA copolymen over TMAEMA-CI/
HEMA copolymen or vice versa. In other
wordq it seems to be the positive charge
envrronment that encourages cett prolifem,
tion. [n some cases DMAEMA-HCL,HEMA
copolymers appeared to support more cell
proliferation than TMAEMA-CI,4IEMA co-
polymers, but not consistendy_ This incon_
sistency may be due to the pH dependenc€
of this particular copol),mer. The ratio of
DMAEMA to DMAEMA-HCI coutd change
with small pH fluctuations. It is conceivable
that minute media pH changes coutd bfng
about a favorable or hostile gro*th enviroD-
ment. Even if the butk media pH were
constant, the cells themselves as a result ol
their me@bolism influence the local pH. It
is evident that, when working with ionizable
species, the importaDce of maintainiry tle
desired pH cannot be over stressed.

a

3

r a 2 z a n
MOLE % CHARGE

Frc. 7. 3Tl2 ell anacbme.t (zero rim€ adhesion) ar
row scding densily vs nole% cha€e. This is analogous
io a llaling efrcie.cy a$y medured aner lO ni. of
mnllci iime. Csll de.sily in runber of ells/on?.
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Although both 3T3 and 3T12 ce s grow
on positively charged gels, ihe 3Tl2 cells
grow more rapidly (FA l) and within a given
time period to a high density (Fig. 4). This
behavior is generaly expected for the tmns-
fomed 3T12 cels (12).

In the figurcs containing cel profferation
aSainst zeta-potential or against water con-
tent, it should be noted that pHEMA shows
a net negative interfacial charge chamcrer
despite th€ lack of any incorporated charge,
pe*aps due to adsorbed anions and/o. or-
ganized water (6). Also, swelling degrees for
this paficriar polymer are quite low, and it
may be possible that a dgidity effecl offsets
the negative interfacial chalacter, resulting in
an unexpected marginal growth.

However, as indicated under Results, dou-
bling the amount of crosslinker still does not
make cells proliferate on MAA/HEMA co-
polymers. It appears thal constraiDing the
swelling degree to that of a pHEMA is not
enough to ollset the negative charge of a 3%
MAA/HEMA copolymer. If rigidity afrected
cell proliferation and the apparent amount
of negative charges was minimal, by into-
ducing more rigidity into a pHEMA, one
might expect to see an increased degrce of
cell proliferation.

The films cast on glass have ahfercl\t swell-
ing capacities than bulk gels. The exact swell-
ing charactedstics of these thin lilm gels are
unfortunately not known, Some ofthe more
highly charged gels have otr occasion been
not€d to be somewhat "slick" on the surface.
This could indicate a looser atrd/or more
swoller n€twork at the surface, possibly with
dangling ends. In the Focess of making tbree
coatings, each coating step resol tes the
pdor one, and also adds morc chemical
crosslinker (HMDIC). It is rcasonable to sug-
gest that the irst coat of each film is some-
what immobile. AdditioDal layen, despite the
added HMDIC, tend to b€ less constrained
by the dgid glass substrates. Henc€ the out-
ermost gel coat could conceivably mimic
bulk-gel behavior, and results obtained here
may apply to bulk gels. On the other hand,

subtle coating thicknesses were shown to
affect cell grosth. Even though pHEMA is
known as a non-cell-adh€ring matedal, in
thin film form one pHEMA coat supported
cell grofih. Two or more coatings showed
the classical neutral pHEMA gel response,
i.e., mnlimal growth. The results are very
similar to thos€ reported by Folkman and
Moscona (13). This experiment may suggest
th€ imponance ofthe rigidity ofthe substmte,
i.e., the s€cond and other coats may Dot have
the same dgidity as the initial coat. It may
also suggest substmte show lhrough.

The subj€ct of rigidity is important to
rememb€r when ariving at a cell pmlifemtioD
criteria for this system. In this charged hy-
drogel system, initial attachment reflected
subs€quent proiiferation, However, in a sys-
tem such as the charged methyl methadylate
copolymen, cels show low or DoDexistent
attachment to neutral and charged materials,
but proliferate after 24 hr, as much as th€y
would on glass,

coNCLUSIONS

This work Fesents evidence that charge,
posidve charge in panicular, does atrect ce
adhesion and grofth. The involvement of
positive charge has been cit€d by othels
implyins similar adhesion mechanisms (1-4,
14, I 5). There is a body of litemture, however,
which contends negative charge Io be most
important (16-18). Mucb of th€ negatrve
charge work is based on surface-oxidized
polyst],rene and glass. The charge in these
systems has been estimated by dye bidding
(16, l7). However, these surfaces differ fiom
thos€ of the presedt work in that they are
not hydropbilic in the s€me of hadng aD
extensive ge1 interfacial region. Also then
surface dgidily is completely differ€nt from
the materials used in this work. The copoly-
mer gels us€d in tbis study exhibit a higbly
hydrophilic, soft interfacial rcgion (8).

The effect of positive charge at gel-like
interfaces has been iDvestigated by otherc
with similar results (2 4, 19, 20) and has

rd,,'] olcattdd atd ldolb.. s.i%e, vol re, No. r, |d res
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been commercialized for mass cell culture
application. Actual measurements of sufac€
charge density are very rare, however (20).

Although the proliferation trends of t}le
cells implied cell/substmre elecfostatic inter-
aclions, the exacl mechanism of adhesion is
nol known. Different adhesion mechanisms
may operate for substrates with differcnt
amounts of charye (positive or negative),
surface dgidity, and other factors probably
mediated by specific prctein adsorption
Fop€rties (21). A more definire interFetation
of cel adhesion must await furtler work
with well characterized model mareriats, in-
cluding protein adsorption studies, where
these factors may be investigated toger]Ier.
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Interaction of plasma proteins with heparinized gel
particles studied by high-resolution
two-dimensional gel electrophoresis

C-H. Ho,* V Hlady,r G. Nyquist, J.D. Andrade,i and K.D. Caldwell
Deryttftmt ol Matetials ki.fl.e e Eflgi@riflg, Cefltet lor Biopolf erc at Inte4aces, and
Deryrtftmt of Bi@giwing.2480 MEB, Uni?ersitr of utah, SaIt Lake City, Utah 84112

In order to fufiher the understanding of
protein surface interactions in the coagu
lation system, we have chosm to study
plasma protein adsorption onto heparin-
imobilized sui{aces. Heparin-binding
proteiG are abundant in plasma: a search
of amino acid sequences revealed that
many plasma pioteins have possible hep-
adn binding sites. Plasma protein ad-
sorption to the heparinized surfaces is
monitored by a novel technique in which
the solution depletion o{ prcteitr is aM'
lyticalty determined using quantitative
two-dimensional polyacrylamide gel etec-
trophoresis (2'D PAGE). This method
enables simultaneous, quantitative detec'
tion of the majoity of plasma proteins b€-
fore during, and after their adso+tion
onto high surfa€e area adsoibents. Using
computerized densitometry of silver-
stained 2 D PACE Beb, the mount of

each piotein can be determined from the
integnted optical density o( each protein
"spot." Kinetics of adsorption and adsorp-
tion isotherms of four important heparin
binding proteins, antithrombin In (ATI[),
complement factor C3 (C3), apolipoprotein
AI (Apo AI) and apolipoprotein AIV (Apo-
AIV) are repo ed in rhis paper. From the
adsorption isotherms, the apparcnt bind-
ing €onstants of each Fotein immobilized
hepadn complex, K., werc calculated. The
surface binding constants w€re of the
same ordtr of mgnitude as the respective
solution binding constmts in the litera'
ture. The surface binding constants fol-
lowed the same older as th€ r€spective
solution binding .onstants: K" (ATII) >
(. (Apo-AIv) > (" (C3) > (" (Apo-AI),
indicating that proiein binding to the im-
mobilized heparin used is not essentially
different from soluiion binding.

INTITC}DUCTtON

There are over 200 proteins in human plasma.L3 Most plasma proteins are
highly zurface activeas and their intedacial processes can result in coagula-
tiory activation of the complemmt system or cell adhesioL particularly of
platelets and leukocytes. In addition, cell sur{ace interactions, gmelally me-
diated through protein interfaces, are important in endothelial cell adhesion
and culture,6
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Plasma protein adsorption is a comPlex process and includes the comPeti-
tion between diflerent proteins for the surface binding site(s). This competi-
tive adsorptior! oftm referred to as fhe Vroman effect am is a function of the
particular protein-surface aI{inity and loncentration. Analytical techniqles
ior studying protein adsorPfion Irom plasma are usually limited by a diffi-
culty in determining the contdbution of a pafticular Protein The _usual
method is to labet one particular piotein and then add it to plasma so that its
adsorption can be measured. Several diflerent expe ments are needed' each
perfoimed with a different labeled Proteir! in order to obtain comPosite ad-
iorption information. This is a tedious task when many Plasma Proteins need
to 6e considered. Besides, the use of the label creates a possibility of Per-
turbing the protein or inJluencing the adsorPtion Plocess.

Here we report the develoPment of an experimental method by which the
competitive adsorption oI Plasma Proteins can be studied without the use of
labeis. We employ high-resolution quantitative two-drmmsional polyacryl-
amide gel elecirophoresis (2-D PAGE) Ior detection oI the amount of plasma
proteiirin the solutio4 prior to and after adsorPtion. Thus, 2-D PAGE applied
is a solution depletion method mables both simultaneous identification and
quantitative detection of most Plasma Proteins at the same time. The Protein
in the gels is detected by silver staining; the sensitivity oI lhe method is ap-
propriate for adsorption sLudies So far, one dimmsional electroPhoresis has
6een used by Mulzer and Brdsh'and by Horbett et al.r0 to study the comPosi-
tion of adsorbed protein laye$ alter their elution from surfaces kferactions
of Dlasma proteins with aitificial surfaces l/, ?,ix'o and itt o;fro was studied
qoitit"tiu"ly by O** et al. in 1985 using 2-D electrophoresis n

For the purpose of development and vedfication o{ the method' we have
selected a well-characterized model system for initial studies: a subset
oI plasma proteins which bind hepaiin and heParin-dedvatized adsorbents.
Hepaiin-binding dornains are present in many Plasma proteins For exam-
ple, IibronectirL an important cell adhesion Proteir! co-ntains several different
tinding domains, including heParin-binding regions.l'z Heparin-binding pro-
teins are among the mosf imPortant Proteins in Plasma with regard to coagu-
lahon and thrcmbosis, and their sPecific binding functions and amino acid
sequences are relatively well defined. Antithronbin III and thrombin adsory-
tion on sullonated polystyrene, a synthetic hePadn-like material, was studied
by Jozelowicz et al.13ra Interaction between throrbin and heparin-PVA
hydrogel was studjed by Sefton et al '"

DACKGROUND

Hq)arin

Hepaiin is an important anticoagulant, used clinically to minimize throm-
bus lormation on artificial sudaces. HePadn has the ability to combine with
a large number o{ proteins. The comPlexes caIr be distinguished as those
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wNch originate lrom relatively nonspecific heparin-protein interactions and
those which arc due to more specific heparin protein interactions, such as the
heparin binding sites in antithrombin m (ATII) or fihonectin (FN).

From the structural point of view heparin is a sulJated polysacchadde com-
posed of altennting units oI hexuonia (D-glucuronic ori-iduronic) acid and
D-glucosamine,r6 Hepadn preparations are heterogeneous with respect to
molecular weight, ranging from 3 to 40 KD Heparin fragments consisting
of at least 18-20 monosaccharide units ate needed for the thrombin:
antitluombin m interaction. The basic urit structures for heparin binding
with protein are pentasaccharide, hexasacchadde, and octasaccharide.lT

Heparin-binding proteins

Antithombin m (ATm) is a natural anticoagulant with a major role in con-
trollinB the activity ofprotedses in the blood coagu lation system. lts inhibitorv
properLies are accelerated by lhe presence of heparin, *ru.1 fi.rd" Lo nfm
aM dramafically incredses the rdte of enzyme inhjbitor complex forrration.
The alsociafion consfant of fu tfl and heparin is approximately ld M r,
whi^ch makes ATm the hiShest dffinit) hep;rin-binding protein.,s-

Uther plasma proLeins that can bind Lo heparin include: fjbronectin (FN),
vihon€ctin (VN), complement factor C3 (C3) histidine-dch glycoprotein(HRG), - plasmi n-o8en {PMC). heparin co-factor Il tHC II), apoitpoprote;ns
rApo-AI,.Apo-Al,_Apo,AIV Apo-B, Apo-CI, Apo.CIl, Apo-CIi, Apo_F), and
others. lhe basic daLa for heparin-binding proteins are liited in Ta6le I and
Table II t'

Using the amino acid sequence of these proteins (available in the literature,
see Table Itr) we have identified their potentiat hepadn-binding sites. In each

TABLE I
sumnary of Properties of Maior H€parin-Birdirg proteins

(Erctuding Apolipoproteins' 1
Protein Slnbol ATtrI FN VN HRG pMG HCII

Conc. in hlman plasma
(mgl100 mL) 2040

M.W (Dalton) s6,000

poini (IEP) 4_9-5.2

.ontent (%) 15

s4* G) 4-L

Eeq Q%) 6.5

2F40 25-30 5-15 6_25 >9 55-720

440,000 51000 58,500 92,000 65,600 185,000

5.5-$.2 4-8-5.3 - 5.6 5.0-E.Z 5FF6.0

5

72 t4

LZ.8

1.5 9.9

3.8 4.2 4.31 9.5

5.9 17.0 71.7 10.0

10

4.6



TABLE II
Sutrtmaty o{ Prop€lties of APolipoProteinst'

Apo-CI Apo-CtrIApo-CIl

conc. in human Plasna (ng/100 nL)
M.rt (Dalton)
Isoele.hic poini (IEP)
Carbohydrate content (%)

12-14 3-6
8,764 34,145

4.7-5.0 5.9
3 0

100-200
29,016
4.5-5.9

0

30 40
17,440

4.9
0

16 20
46,000

5.5
0

90-110
500,000 6,300

7.5
0

3-5
E,424
4.9

TABLE III
Lirt of Known Hepaiin-Bi ing Proteins, Their Plasma Concmtrations, Estimat€d

ind Their Po.sible Heparin-Binding Site Seryences and Related
Hepadn-Binding AIf inii,
Changes

Poqsrble H€parin Brnding Sequencc' charges (+/ ) Rererence

AT I I I  HiSn(1o'M r)

PMG

HRG
VN

c3

IN

ApoClll

A'E---- --Arg val+p
-Lys-- Pro Glu----Lys Ser-Leu Ala L'5--- val Cl! -Lvs
-Lys Phe Pro-Asn Lys ----Asn Le - Ly. ----Lvs
-Lyr --- Lys CYs-Pro CIY AtE-
-A.g Pro Asn-- Lys Pro-Gly val Tyr v.l Arg- val s€r --- Ary
-Lys ---- Arg ---- - ArC ----^rC
Arg -lhe- A.E---- His ---_ A.8
ArE --- Ser Cln A.A Cly His-Ser ArE ----Gly A"E
Lys---- Thr Pro -LF Tyr-lhe- LY.

-Ly" Gly ---- Arg ---Leu Leu Lyt Ala GIy ---Arg
Lys Lys --- Asn - Lys Leujhr Cln-Ser-Lvs
Arg Met-Asp Lys--- Val Gly ---- lys Tyr-Pro- Lys
Lys A.p-- Lyr --- Asn --- Arg

-Lys Glu Asp-Gty Lys --- Ld Asn -----Lys Leu-cys Arg
Its Cy,-- ArE --- Clu Ala Leu---- Lys Leu Glu-Glu Lys
Arg -Val-- 416--- Valjhr Pro---- Lys Glu--- Lys
Arg --Ala Ar8-ne Thr Cly Tyr-lle-l1e Lys Tyr-Glu Lys
ArE Glu-Val Val Pro Ar8- Pro--- ArE
Lys---His Ala Thi Lys Thr Ala-- LYs
A"E ----- Ly"-- TYt---- A"8
Ly"----- Ly"- TYt--- AtE
Lys ------ Llf-- Asn--- Lys _----His AtE
Ar8 ----- Ly.-- ----- ArC Gly-Leu Lys
Arg ArE --- Gln His Leu_--- Ar8
Arg Ly" --- ----Arg
Arg --L€u A.E--- Ala ---_ Arg
ArE --- Leu Ala Lys-- AsP Ser Glu-_ Lys -Leu- Lys
AlE ----GLn Arg-- Leu Ala Ala-- Ar8 Leu Clu-A1a Leu L)G

+ .  + '
+ .  +

25,293431

25,29,32

25
25

20

2l

22
2324

25

2A



TABLE III (continued)

Possible Heparin Binding Sequence" cha.ses (+/ )

Apocr I
ApoClI Low(105 M 1)

-Lys-ser{yr Phe Clu Lys----- Ser ----- Lt€
-Lys---- Val Lys------ clu ----Lys Ld---, Lys
-L)r-- Le --- ArE---Asp Leu Tyr S€r--- Lys

25

25

+
+

so3
o

GLN

sot
o

soj
J

s05
J
I

HeparinModeld CLN tDU GLN IDU CLN CLU
'Abhewiations: ATII = Anrilhfombin III, PMG = Plasminogen; HRc = Histidine dch glycoFotein; VN = Vitronecriru

FN = Fibronecl in ;  Cl  re ier .  to  the b indrng of  Cjb,  der i led t ram (omptemenl  Cl ,  Apo refe;s lo  rhe Apol ipoprolerns;  ADoA
Prote iB_are pr imar i ly  in  h igh densi rv  l ipoprole 'n.  {HDl  ) i  Apoa is  lhe mdior  pro le in in  low detuty l ipoproie in ( IDLJ and i . ; l ,o
in\ery lowden, i ty l ipoprote in. rVlDLi iApoC prore inr  r re found rn VLDt ;  ApoE i j  in  VLDt an, t  j t , r i in  t_Or ;

"Af f rn i ry :  Dependq on lhe par t i t  u ldr  hepar in-b ind 'nS ,equsce,  b indins ton. Int ,  hvdroDhi l iL  i rv .  .haree r+/ -  '  erc.  t t8 .  26.  2z t_' A l f i n i f y : D e p e n d q o n l h e p a r t i t . u l d r h e p a r i n - b i n d ' n s , e q u s c e b i n d i n g t o n . r a n t , h y d r o p h i l i L i r y . . h a r S e r + - ' e t c . l t 8 , 2 b . 2 7 l .
f t ) .  h ighe. t  i .  A l  dt  aboul  l0n{  |  ( i i r  lowest  may be around tdM- l

?ossible heParin-binding sequence: We have Ged ATIII and ApoE, whose sequmces have been idmtified, as a modet ro Dreaticr
the hepar in b indrns sequenceq in the o lher  erote indHeparjn nod€l: cLN, D - gLucosamine:-cl,u: D - giucuronic acid; IDU: L ialuronic acicr.



INTERACTION OF PLASMA PROTEIN 429

protein the predicted hepadn-binding site contains three or four basic amino
acids, arginine or lyrine, which allernale ever) tlree or four amino acids.
Similar regions have been recently identified as hepadn-binding sites in 21
different proteins.33 Tabh m Iists probable heparin-binding regions in rnany
hepadn-binding proteins.

MATERIALS AND METHODS

The adsorbent

The study of protein adsorption by any solution depletion method requires
the use of an adsorbent with a high surface area. We chose typical affinity
chromatography materials as adsorbents. Three differmt commercially avail-
able hepa n-agarose partides, Heparin Sepharose CL-68 (Ptnrmacia, Piscata-
way, NJ), Affi-Get Heparin (BIO-RAD Richmon4 CA) and Progel{SK
Hepadn-sPw (Supelco Inc., Bellefonte, PA) were initially evaluated by mea-
flrring their binding capacity for each of three purified proteins: ATIII (Sigma,
St. Louis, MO) HRG (Calbiochem, San Diego, CA) and FN (Calbiochem, San
Diego, CA) respectively. The amount of adsorbed protein was determined by
the di{fermce in UV absorbance in the solution. It was found that the Hepa-
dn Sepharose CL-6B had the highest binding capacity of the three materials
examined (Fig. 1). On the basis of this result Heparin Sepharose CL-6B was
chosen for all Iurther expedments. One gram of dry Heparin Sepharose CL-
68 is approximately equal to 4 mL of hydrate4 packed gel.

The adsorbdte

We chose human plasma as our adsorbate-solvent mixture. Blood was
drawal from several healthy human dono6 and collected by using 5 mL
Vacutainer Brand evacuated blood collection tube (Becton Dickinson and
Company) which contained 0.05 mL of 15% EDTA solution (25 mg). Plasma
was separated from the blood cells by centdfugation at room temperatute fot
20 mn\ * 17909. The plasma was pooled from various donors and stored
frozm at -20" C.

The adsorption kinetics expedments

In these experimmts, the concentration oI plasma solution and the amount
of Hepadn Sepharose CL-6B were kept constant while the adsorption time
was varied (from 10 min to 780 min). Typicallt 0.02 g Heparin Sepharose CL-
68 paticles and 0.5 mL human plasma were mixed in a 1.5-mL vial and di-
luted with Tds-buffer at pH 7.4 to 1,5 mL. The plasma was diluted to 1/3.
AJter continuous mixing by rotation at room temperature, the mixture was
allowed to sediment by Bravity (about 3 min) and 10 pL of the supematant
was removed for 2-D PAGE analysis.
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\  1 . 0

I Pha!@cia : Bepalin sepbalo6€ cr-GB

El Bro-RA.D : Arfi-cet EoParin
I Supelco Iuc. : plog€l-TsR S6aprin-5pw

r igur€ l  A inding of  three prore ins:  anr thrombrn t  LATI I I )  h i " r idrne_
r ich Slycoprore in IHRG),  dnd r ibronect in  (FN) to three d i f terent  (o imer_
cially available heparinized gel parrjcles.

The adsorption "isothem" expetim€rrts

In these experiments the concentration of plasma solution and the adsotD-
tion liJne were kept constant while the amount of Heparin Sepharose CL-oB
was vd ed lrom dpproximately 0.01 g to 0.09 g {0.04 mL to 0.36 mL packed
gel). Adsorbent was diluted with Tris-buffer at pH 7.4 to 1.0 ;L and
0.5 mL human plasma was added. After l3 h of conLi;uous mi\ ing by roLat ion
at room terrpemture, the mixhlre was allowed to sedimmt by gravity (about
3 min) and 10 pL of plasma sample was temoved for 2-D PAGE analysis.

The plotein separation and detection method

We used high-resolution quantitative two-dimensional polyacrylamide
gel electrophoresis (2-D PAGE) for protein separation and detection. tn this
method unknown proteins from a mixture are first sepaiated according to
their isoelectric point (in the first dimension) and then according to their mo-
lecular weight t in the second dimmsion) (Figs.2 and 3).
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FiBure 3. Resolurion of proteins by 2-D PAGE. The protein sample is
loaded on the basic side (pH 10) of the IEF tube gel (fiEi dimmsion), and
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figure 2. Schematic of the protein adsolption experiment: a sample of
protein solution is analyzed using 2-D PAGE before and after the solution
is depleted by adsorption on high-surface-area adsorbent.
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We have used the ISO-DALT system (Hoefer Scientific Instruments, San
Francisco, CA) developed by Anderson and co-workers.$5 The chemicals for
2-D PAGE process were puichased ftom different sources:

(1) Sodium dodecyl sulfate (SDS) urea, Nonidet P-40 (NP-40) glycine, N
N'-methylene-bis-acrylanide (BIS) and acrylamide (for IEE first dimension
gel), (BDH, imported by Hoefer Scientific krstruments, San Francisco, CA).

(2) 3-(3{holamidopropyl) dimethylammoniol l-propanesulfonate (CFIAPS)
Tris-HCl, Tris-base, glutaraldehyde (Sigma, St. Louis, MO).

(3) Dithiothrcitol (DTT), N N N', N'-tetramethylethylene-diamine
(TEMED) ammonium persulJate, bromophmol blue and acrylamide (for
DALT, second dimension gel) (BIO'RAD Richmon4 CA).

(4) Glycerol, ammonium hy&oxide (E.M. Science, Cherry Hill, ND.
(5) Ampholyte (3-10) (Serva, Westbury NY).
(6) Silver nihate (Al&icb Milwaukee, WI).
(7) Formaldehyde solution (Mallinckrodt, Inc., Paris, KY).
(8) Phosphoric aci4 hydrochloric aci4 and acetic acid (J.T. Baker krc., Phil-

ipsburg, N).
First, the isoelectdc focusing (IEF) gel was prepared as ISO-mix solution

containing 4% crosslinker with acrylamide and BIt ure4 CHAPS, NP-40
and carier ampholytes 3-10. After polymerization, the geir were prefocused
for t h at 200 V before fhe samples were loaded. Plasma samples to be ana-
lyzed were diluted with solubilization bulfer (1:1) containing 2% SDS, CHAP9
DTT, glycerol, and Tris-HCl at pH Z4 and loaded with a Ftumilton micro-
s'' nge on top of the IEF tube gel. The tube gels were run at 20p00-22,000
Volt-hours (from 20 h at 1,000 V to 22 h at 1,000 V).

Second, the slab gels used for the second dimension were formed by feeding
heavy and light acrylamide solutions to the DALT gradient maker, thereby
creatin8 a density gradient in the gel. After pol)anerization of the <lab gels,
the protein-containing IEF gels, together with the equilibdum solution (10%
glycercl, mT,2% SDS, Tris-base, bromophenol blue and HC1) were applied
on top of the stab gels and fixed in place with the agarose. Electrophoresis
was carried out at 50-60 mA per gel for 9 12 h.

Finally, high-sensitivity silver staining was employed for protein detection
after the sq)aration.'o The freshly run slab gels were fixed in a solution of 50%
ethanol and 10% acetic acid ove.night. After rinsin& the gels were placed in a
2% glutaraldehyde solution buffered to pH 9.t for at least t h. The gels were
then stained in diluted solution of 0.7% silver nitrate, rinsed, develope4 and
"stopped" according to the ISO-DALT manual.s The 2-D PACE gel of normal
human plasma (1/30 dilution) is shown in Figure 4.

The quantification of proteins in gels

In order to find the most optimal densitometric system for tle quantita-
tive detection of proteins in the two-dimensional gels, we have evaluated sev-
elal commercial products and finally decided to custom-build a computedzed
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(a)
Fipre 4. 2-D PAGE g€l for normal hunan plasma sanple (V30 dilution),
mixed with sample solubilizer 1:1, 25 pL loaded onto gel. Soybean trypsin
inhibitor (STI), used in adsorplion experiment as exlernal standard, is also
indicated. (a) Photograph picture of the part of actual gei, (b)outline ofthe
same region of the same gel with identified proieins: (1) albumin, (2) trans
ferrin, (3) fibrinogen dchain; (4) fibrinog€n pchain, (5) lg 7 chain, (6) fibri
nogen Tchain, (7)Ig,\ chains; (8)lg k chains, (9)haptoglobin a,.hain, (u)
prealbumin, (10) hemoglobin p chain, (12) soyb€an trypsin inhibitor (STl),
(13) Apo-AI, (14) Apo-AIV; (15) haptoglobin B chain, (16) Gc globulin; (17)
antithrombin III; (18) al antitrypsinr (19) Ig A, (20) hemoperjn; (21) ar
antichymotrypsinr (22) dr B glycoprotein; (23) a' HS glycoprotein-

densitometric system. The basis of the systml is a thermoelectdcally cooled
charge-coupled device (CCD) camera (14-bits, Photometrics LID Tucson, AR)
interfaced with a Macintosh II computer via appropdate electronics and a
DMA board NB-D\,L\-& (National Instrummts, Austin, TX). Typically, the
two-dimensional gels were placed on a coldlight source (Aristo, Roslyn, NY)
and a transmission image of the gel was recorded. The resulting intensities
were co ected {or uneven output of the light source and compressed to 8
bits/Dixel.

Images of the gels were stored in the computer for fufiher processing. In-
age 1.26 (14 Rasband, NIH) software was used to analyze the data. The
images were calibrated using optical density standards (precalib'rated photo-
graphic step tablet by Kodak). The photographic step tablet was recorded by
the CCD camera and a corrected transmission of each step was measured to
obtain a calibration curve. The calibration was then applied to each of the
two-dimmsional gel images. The measurement oI the optical density of each
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piotein spot was made by drawing the outline o{ each spot or oI a region.
The software automatically subtracts local background and calculates the in-
tegrated optical density for a given area.

Because we used pooled plasma in our studt the absolute initial concen-
tration of each protein was not precisely known. Instea4 we used the ftac-
tional depletiorL E. of each protein to describe the binding of a specific protein
to the surface. F was calculated as a ratio of the integrated optical volume
densities oI a given protein alter and before solution depletion by adsorptio4
resPectively:

. _ fintegrated opLical density) after depleLion by ddsorption' = @
The fractional depletion can be easily tmnsformed into the coresponding

fractional adsorption" 1 - E The results presented in this paper are plotted as
1 - I vs. time (min) or vs. adsorbent weight (g).

To fully correct for experimental differences between different gels within
one batch, a known standaid protein was incorporated into each sample.
This protein can be added separately onto the IEF gel before sarnple is loaded
on the IEF fube gel (so-called extrinsic standard), or it can be chosen fiofir
among those existint plasma proteins which do not become depleted by ad-
sorytion in the sample (so-called intrinsic standard). In either casq normali-
zation of integrated optical dmsity of proteins of unknown concentration
with respect to the integrated optical density of such standard will account
fm variations in staining and loading procedures during each expe ment.

" luod6-"to

I

Figurc a. (contimed)
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We used soybean tr)?sin inhibitor (STI) as our extrinsic standard, because it
showed only a single s?ot on the two-dimensional gel, and its location did
not overlap with other plasma protein patterns.

Of the heparin-bindin8 proteins, or y ATIIL C3, Apo-AI and Apo-AIV were
easily detected on the two-dimensional gels. The reasons that other heparin-
binding proteins could not be detected was due mainly to inapFopriate gel
cross-linking density arld staining conditions for those particular proteins.
For example, FN is a high-molecular-weight protein (220KD after DTT heat-
ment) which penetrates into the gels very slowly due to our gel cross-linking
density €nge (9%1 to 20%'l). Apo-Atr, Apo-CI, Apo-CIL and Apo-Cm are
low-molecular-weight proteins (lowei than 10KD) and pass through the gel
to its lowest part under present gel cross-linking density range. To detect
those proteins, gels with a different cross-link dotsity should be use4 i.e.,
< 9%T for FN and > 207"T for Apo-AII, Apo-Cl Apo-CIL and Apo-C . VN
HRG, and HCII were not detected in the diluted plasma sample but could be
easily detected using pudlied protein samples. Their poor detectability from
plasma is not fully understood yet. It is probably related to their efficiency of
silver staining and,/or their loss to the walls of vials or electrophoresis plates.
This problerr will be addressed in future sfudres. In this paper we chose to
Iocus on the adsorption of four hepadn-binding plasma proteins: ATII, Ct
Apo-AL and Apo-AIV

RESUIIS AND DTSCUSSION

The adsorption kinetics and "isotherm" experimmts were perforned in
tdplicate. The efior bals represent the standard deviation of three dilferent
expedments. Figrre 5 shows the results of the adsorption kinetics exped-
ments for C3, AIIIL Apo-AIV and Apo-AI. The rapid increase in fractional ad-
sorption of ATItr arld Apo-AI indicates a high aflinity to Heparin SePharose
CL-6B: ATm was almost completely removed from solution; the fractional
adsorption for Apo-AI at 30 min was up to 0.55 1 14%. The ftactional adsory-
tion of C3 was up to 0.15 t 9% and Apo-AIV was up to 0.20 ! 77% altet ap-
proximately 200 min. Assuming that equilibdurn has been reached after 13 l!
ATIII showed the highest binding aflinity with HePaiin Sq)haro,se CL-68
(Fig. 5). The pore size of Heparin Sepharose CL-68 is about 100 A and the
porosity is about 65%. The estimated time fo. ATm to diffuse into Heparin
Sepharose CL-6B is o{ the order of 1 to 2 min. Therefore, the initial diffusion
process was complete before our first sampling time (10 min after initiation
o{ adsorytion).

The results of the adsorption "isotherm" exPeriments are given in Figure 6,
y/here the fnctional adsorption of the foui proteins is givm as a function of
the amount of the adsorbent in the system. The maximal fractional adsorption
value of ATtrl was the largest (ca, 1.0) C3 was second (ca. 060 ! 15%\, Apo-
AI (ca. 0.40 a 12%) and Apo-AIV were the smallest (ca. 0.40 1 14%).
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kr order to compare the heparin binding by these four proteins in solution
and at the hepadn gevsolution intedace, we have estimated the aDDarent
protei n_-immobitized hepdrin binding constanrs, K,,.",r"",, Irom the initial por_
tions of the adsorption isotherms (dashed lines in Fig. 7), using the following
binding reaction scheme: P + As = PAs and equatio;s

1 . 0

0 . 4

0 . 5

0 . 4

o . 2

0 . 0

1 . 0

0 . 8

0 . 5

0 . 4

4 . 2

0 , 0

K.(*,-, = tP,4slltPl .t?4sj (1)

c 3
ATI I I

0 . 0 0  o . o 2  0 . 0 4  0 , 0 6  o . o 8  0 . 1 0
wt. of geParin sePhalose cL-6B (g)

Figre 6. Re$lts of the adsorytion "isotherm" expedments: ftacrional ad_
sorpt ion,  |  -  l :  o f  Al  l l l .  Cl ,  Apo Al .  and Apo.AtV shown dc a tunt  r ion or
tlle dmounl ol Hepdrin Sephdro.e Cl -oB in rhe qysrem.
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1 . 0

i  0 . 4

c3
ATI I I

0 . 0 0  0 . 4 2  0 . 0 4  0 . 0 6  0 . 0 8  0 , 1 0

l l E .  o ' h e p a r i n  s e p h a r o s e  c L - 6 B  ' 9 )
Figure 7. Resulis of the adsorytion "isotherm" experiments: {.actional ad-
sorption, 1 - t of ATII, C3, Apo-AI, and Apo AIV The initial slopes of the
adsorption isoiherms used in calculation o{ ("(-!6,e) are shown by dashed

fP,4.l
" = f P l + t r - ! = r r i  * 1 , 4 . 1  t z '

where [ ] denotes concentrations of protein, P, surface-immobilized hepari4
,4s, and sur{ace protein-heparin complex PAs and / is the bound ftaction of
proteiD which is equal to (1 - I). The weight fraction of hepadn in the Hepa-

n Sepharose CL-68 was 0.4% (as communicated by Pharmacia). Total molar
concentration of heparin in the experimental system, As (tot) was calculated
using a hepadn molecular weight of 11.2 KD Equation (2) can be rewritten as:

where subscdpts tot denote total concentrations of A and 4 respectiv+. The
apparent binding constants are listed in Table IV

We note the K" values are in the same order of magnitude as the respective,
estimated solution binding constants given in Table IIL We also note that the
apparent binding constants of the protein-heparin complexes Iollow the same

K"r*r.""r = z/(1 - z) (tasr"ol - ztPo,l)

TABLE IV
Li6t of Apparent Binding Constants

of ATIII, Ct Apo-AI, and Apo-AMor Hepadn-Sepharose CL-68

(3)

ATIII

c3
2.3 x 10 6M
1.4 x 10-6 M
2 . 2 x 1 0 6 M
1 . 2 x 1 0 r M

1.3 x 107M 1
0.8 x 1f M_'
0.4 x 1t 'M-]
0.2 x 1tf M r
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order as in solution: K.(ATIQ > K.(Apo-AIV) > (.(C 3) > K"(Apo-AI), indi_
cating that protein binding to the irtunobilized heparin is not essentiallv dif_
ferent from binding in solution.

Equation (2) implies reversible binding oI protein to Heparin Sepharose
CL-6B. In the present study the desorption olbound proteins was not itudied.
Therefore, the application of Equation (2) is not mtirely suppo ed by our ex-
periments. Heparin is {requently used as a chrorratographic ligand in the
separation and purification of proteins from compler mirLures. lts binding to
protein5 i5largely electrosfatic in nature and, hence, reversible. .ln addition.
proteinb bind very weakly to unsubstituted Sepharore as determined in pre-
liminary expedments (not shown here).37 Hence, the assumption o{ rever;ble
binding to Heparin Sepharose CL-68 is probably justified.

The sebil iviLy_of 2-D PACE as applied to plasmd protein adsorption de-
penos on \everat Iactors: concenfration o[ given protein in plasmd, ils staining
efficimcy, and linearity of integrated optical density withprotein concenha:
tion. Ideallt small changes (a few percerlt) oI protein co;cmtration can be
easily detemin€d as a change in the optical densitt However, the accuracy
of the method is still far from satisfactory. It appears that the loadint of the
sample on the first dimension gel, transler of the IEF gel to the sec-ond di_
men:ion slab gel, and variat ion in si l \ ,er staining dnd developing condit ions
are the "weakest" points in the method. Full analysis of how ihe;e and other
facto$ inJluence overall sensitivity and accuracy of this novel tool for pro_
tein adsorption is under investigation.3T

coNct usloNs

(1) Alrnost 50 plasma protein patterns have been identified on iwo_
dimensional gels, and a subset of hepadn-binding plasma proteins has been
mapped and idmtified.
. (2) QuanLitative two-dimensiondl polya(rylamide gel electrophoresij has
Deen buccesstully used ab a method lo \fudy the (ompelili\e adsorption ol
plasma proteins.

(3) An external stardard o{ known concentmtiorl soybean trypsin inhibitor,
was used to normalize the measurement of optical densitt for gel-to-gel
vaiations,

(4) We have ostom-built a dmsitometdc apparatus based on a CCD camera
and image analysis loftware and used if to ;alyze the hro-dimensional gels.
. _(5) Adsorption re.t'lts using four hepadn-binding proteins (ATII! C3, _{po_
AIV and Apo-AI) showed that the method is applicable for the studi of
protein adsorption from conrplex rrixfures like plasma. Both adsorpiion
kinetics as well as binding data were obtained.

(6) The apparent binding constants of the surface protein-heparin complex
were found to be of the same ordet as the rcspective binding constants in the
solution: 1.3 x 10? M 1 (ATm), 0.8 x 10s M-l (Apo-AIV, 0.4 x 10s Mj (C3)
and 0.2 x 1dM 1(Apo-AI).
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(7) The advantage of the present method is that it requires no label, and the
adsorption of many proteins can be studied simultaneously. The disadvan-
tages are that it is time-consuming, staining is dilficult to control, it requires
large zurface area materials, and its smsitivity and accuracy at the present
stage are not as good as with the traditional labeling methods.

We gratefully acknowl€d8e the assistance of Ms. C. Stenelov (Karolinska Hospital,
Sto.kholm, Sweden) in establishing our two-dimensional el€€trophoresis lab and Dr.l.
Edwar& (Natioml IBtitute of Standards and Technology, Gaithersburg, MD) for ex
tr€nely helpful advice and training. We also thank Drs Norman and Leigh Arderson
(Laige Scale Biology Corp., Rockville, MD) and Dr- Dennis Reeder (National Institute
of Standards and Technologt Gaithdsbur& MD) for help{ul advice. We thank Dr. D. E
Mosher (Univasity of Wisconsirr Madisoa wI) and Dr. D. M. Tollefson (Washington
University, St. Louis, MO) who p.ovided purified hepadn binding proteins. We also
thank Dr. T. Oolman (University of Utah) for advice on mass transfer and Dr. W. Ras-
band (NIH) for the image analysis software. This work has been supported by the Cen-
ter for Biopolyme$ at Interfaces, University of Utah, a UniveBity-tndustry-State
research rotuortiln.

Relerences
l.W Putnam, "hogress in plasma proteins," ta Tht Plosma Prateins,
Vol. 4, znd eA., Plefltm Prcss, New York, 1985 pp.1-45.
F. V!: Putne, 'Alpha, beta, gmm4 ome8a the structure o{ the
plasma proteins," in Tr€ Plasntl Prctein, Uol. 4 2nd d., Plenum Press,
New York, 198t pp. 46-162
H.C. S.hwick and H. Haupt, "Humm plasma proteins o{ unknown
turctio\" ir The Plrsw Protein, Vol. 4, 2nd et1., Plenum Press, NM
Yotk,198t pp.168-221.
J. D. Andrade, "Prin€iples of piotein adsoiptio&" in P/oteifl Ansorytion,
Plenum Press, New Yoik, 198t pp. 1-89.
E.F. Leonard ei al. "Blood in €ontact with natural and artifical sur-
faces," Ann. Nv. Acad. Sci., sl5, 11987 ).
L.M. craham, J.C. Stanle, and WE. Burkel "Endothelial seeding of
synthetic vascular grafts ," i^ Endothelial Cells, U. Ryan (ed.), CRC Press,
Bo.a Raroi, 1987, pp. 217-228.
T. Horbett, "Mass a.tion effects on competiiive adsorption o{ fibrino-
Bm from hemoglobin solutions and from plasma," Tlmnb Henost' st,
79 (1984).
L. Vromm, "The impoftatre ol surlaces in conta.t phase reac-
ti,on "Seft. Thffih Hmost., 13,79 a5 /J987).
S.R. Mulzer and l.L. Brasb "tdentification or phsma prcteins ad-
sorbed to hemodialyze$ dudng clinical use," The third world bioma-
terials congess, 198& p. 473.
T. A. Horbett, P. K. Weatheisbt and A. S. Hoffman, "Th€ prefd€ntial
adsoiption of hemoglobin to polyethylene," J. Btaeflg., r,61-78 (1977).
D. R. OwerL C. M. Che& J. A. Oschftr, and R. M. Zone, "Interactions of
plasma proteins with selective artifical surfaces,"T/ans. ,4S,4Jq 3L
240-243 (1985\.
K. Skorstengard, "Purification and complete primary structure of
bovin€ plasma {ihonectin"" Eur. I. Biochem., w,15_29 (1986).
Y Migomey, C. Fou8noi, and M. lozefowkz, "Hepadn like tub
ngs," Biornteriak, , 413 (1988).
C. Fou8not, M. Jozefowicz, and R. D. Rosenbur& Affiniry of puiified
thrombin or ATi[ for two insoluble anticoagulant polr6tyrene deriva-
tives: I. In vitrc adsorption studies," Biomterials, q 294-298 (1!ta3).

1.

6.

7.

8.

9.

10.

11.

12.

1,4,



440 HO ET AL.

B. A. H. Smfth and M.V Sefton, "Permeability of a Heparin Polyvinyl
alcohol hydro8el to thrombia a d ATIII " l. Bioned. Mair.-Bes., zi, az5
68s (1988).
I. Bjork and U. Lindahl, "Mechanism of the anlicoagulant adion of
hpparin, Mot. Cpll Br'o nd. 48, lbl-t82Llc82
I. C. l. Stiekema, "Heparin and its biocompatibiliiy," Clin. Nephrcl., 26,
s3-s8 fl9861
U. Lindahl, L. ThunberS, c. Backstrom, J. Riesenfeld, K. Nordling, and
I. Bjoik, "Exiension and stiuctural variability of .ATIII binding se
quence in heparirr" t Btol. CJE1, zs, 72368 12376 (1984).
A.M- Scanu, "Ptasma apolipoploteins: gene structure, funcrion and
aariants," ir Ttu Plasma Proteins, Vol. 5 2fln en., PlLert[m Press, New York,
1987, pp. 142 191.
L- Roka and Th. Eckhardt, 'i{TIIL properties and function," ProthlM-
bifl and Oth.r Vitanifl K Ptoletrs, rol. Z CRC Press, Bo€a Raion, 1986,
pD- 1 15.
V. V Novokhatny, "Domains in human plasninogen," I. Mat. Biot.,17,
215 1984).
T.  t \o ide,  D.  loner ,  and S.  Odani .  Ihe hepdr iq b indinB : i le{ , ,  o f
HRC, FEBS Lett.,1s4,242 244 iaa6r
S- Suzuki, A. Oldberg, E.c- Hayman, M.D. Pierschbacher, and E. Ru-
oslahti, "Complete amino acid sequence of human vitroneciin de
duced from CDNA. Similaritv of cell attachmeni sftes in vitronectin
and fibronectirr" EMBO j., 4,2579 2524 (1985).
S. Suzuki, M.D. Pierschbacher, E.G. Hayman, K. Ngnuerr Y Ohgren,
and E. Ruoslahti, "Domain structur€ of vit.onectin," I. BioL Chzn.,2s9,
15307-15314 (1984).
lIC. Barker,'Appendix: sequences of plasma proteins," Tle Plasfta
Prateifls, Uol. 5 2nd ed., Plenum Press, New York, 19a7, pp.365-402.
M. L Cr i f  f i th ,  fhe hepdf ln-en} ldred Af l f l / th-ombin rca.r ioni , . td t -
urable with respect to both ihiombin and ATIII," l. Biol. Chefl'257,
13899-13902 (1982]'.
C. Fou8not, M. lozefowicz, and R.D. Rosenberg, 'Affinity of purified
ttuombin or ATIII for two insoluble anticoagulant polysiyrene," Biona-
terials, 4,294 298 (7983).
T.E. Petersen, K. Skorstengaard, and K. Vibe-Pedersen. "Primary
siruciure of fibronectirr" ln Fibro,lcctin, D.E Mosher (ed.), Academic
Press, New York, 1989 pp. 1-24.
T. L- Imeraitr "Functional domains of ApoE & ApoB," Acta Med Scafld.
suwL 715, 5t 1t987).
T.J. Knoii, "Protein sequence and identification of siDcture domain
of ApaB", Itatlte, 323,734 (1986).
N. Hirose, "Isolation md characterization of heparin,bindins site of
humdn ApoB. Bio, i'"8 i'i ry. 25. 5505 | Iq87 |
A. D. Cardia "Binding of heparin ro human ApoE," Bi@hm. Biaptrys.
Res. CMft,134,783 (98 .
A.D. CradinandH.l. Tr. Weintiaub "Mole.ular modelins of protein
8l )cocaminogl) '  dn inrera. r ion. ,  4 ,4. /o(  lp ,osb.  q.  2 l - l t ! tqaol
NL- Anderson, R.P Tract and N.c. Anderso& "High resolution 2-D
electrophoretic napping of plasma proteins," in Ttu Pksno Pto?ins,
uot. 4, zfln ed., Pter.nm Ptess, New York, 198t pp. 221,271.
L. Ande.son, "Operaiion of ihe ISO DALT system," Large Scale Bi,
olosy Corp. (1988).
R.C- Switzel, C.R. Meril, and S. Shifrirr'A hishly sensitive silver
+din for  deredinB prote in dnd pFpt ide.  in  polvdc;y l imrde gel , .  '  , . t ror .
Biachen., 98,231 237 (1979).

16.

17.

18.

21.

22.

26,

29.

30.

31.

32,

33.

34.

35.

-=l

19.

27.

28,

INTERACTION OF PLASMA PROTEIN 4+t

1 7 .  C  H . H o .  ( o m p e t i l i ! e a d . o r P . r o n o f  P l * r r a  P r o r e i n 5 ' l u d i e d b )  h r g h
resolu l ion lqo d inen. ional  polva.r l lamrde 8el  e lecrrophore ' i '  \4
Sc., UniversitY of Utah (1990).

Received November 10, 1989
Ac.epied July 24, 1990



Wettabitity and f potentiats ot a Series of Methacrytate polymers
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INTRODUCTION

The tissue or blood compatibilily of rDarerials imptanred 
"r t"*n.i-ii ,ii i"-"i

oody a strongly dependen! on the surfac€properties ofthe rnarcrials (1.2). The char_
actenzatio! of the biomalerial surfac€s i5
consrdered of ullirhate imponance for tb€
9l9lop."ot of irnpro"ed biomedicat devices
( J , 4 ) .

plate te€hnique (5). The I potentials of as€nes of charged copolymer surfaces wereoelermined by $reamiDg poleotial measure_ments (6). Resuils obtained for the merhvlm€thacrylate, hydroryethyl me&acrylate, andaikyl methacrylate (co)polymers are discussetIn lerms of iDlerfaciaj eDeryies and surface
&obrhtv

To study the effects of differcnt subnrale . MATtRraLj AND METHODS
sunace propenies on biologicat iDtemctions.
a series of malerials il_;.il*l;;"-;;; 

poly et Synthesis and Charucterization
surtace propenies r*?s prepal€d. Methacrvlatep.rv."i" "'"a it" *p.id;;;;;;T ""1;rTi*:J,."!:r.,*:yJl;_?y?i:model syslems wirh varying surface hvdro- mettracrylare poty*ers1;;;il.#;ophobicity, surface charge. or potymer ihain rn.th-ls study were f,oly(helhyl rnethacrylak)mobility. The synthesis and surface chanc- (yy.qf, potvfhvd,oiy;;;i ;#l.;ii,"lterizatioD of these potymers are descrjb€d. 1Hru,lt, 

'uni 
i,rnioiirl#o"''"-'* ^The wetabitjry €nd surface mobitiry of *re (mote rarjos (%): ?5/2;. sririri .lili,i.,pol)rme6 \i€rc deremrined by the wilhelmy 

"opoty'n"n oi tuUa-Gil;;#;#;;
2a9

r$d {cd!.iz ed r,i,tsa sde. vol r(x, No 4 ard r9r5
0021-979?/E5 $.m
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i'ral:::"(97 rrftrAF MAA snd E5 MMA/!5 MAA),
t:" J"-add with tdtocthylaDino€thyl betbaclylate-
:r'i:1 : , HO salt (9?'MMA,f3 TMAEMA4 and 85
rrr., I!IMA/Is TMAEMA-CI), copobDers of:'l: ir' HEMA with MAA (9713 ad t5/15) .d

with TMAEMA{I (97l3'and 85/15), poHr-
butyl Bcdiacrylate) (BMA), Doly(t-hexyl
dethacrylatc) (HMA), and poMriodecyl
merhacrylatc) (DDMA). The polyme$ wcrc
slrdthesized by radical pobmeriz.tion using
2,2'-azobis(rnethyl isobuttnte) a5 initiator as
dGcribed calticr (8-10). MMA was purcbas.d
ftom Aldrich Chemical CompaDy, Milwau-
kee, Wisconsin; HEMA was a gift ftom Hy-
dlo-Med Sci6ce6, Iqc., New Brunswick, Nc{,
Je.s.y; TMAEMA was putchased from Al-
colaq lac., Baltitdore) Maryladd; the othcr
methacrylato esters were purchased fiom Po-
libcieucc, lDc., wariDgton, Pennsylvada.

IH-NMR spectra (270l,ff{z) w$€ r€corded
on a Jeol FF270 NMR sp€clrodeter. Mole
ratios itr rhc MMA/HEMA copolymeN w€rc
calculatcd ftom rhe iDteg!"ated peak arcal of
tbc HEMA-€ster CH, prolons and the poly-
dcr backbone CI{2 aDd CH3 protoDs: The
Eole ratios iD the HEMA//TMAEMA-CI co-
polydcrs *ere calculated from tbe ratio of
tbe TMAEMA-CI tri-.V-methyl protons atrd
the polymer CH2 and CHr plotols of the
backbone. The samples were analyzed i! 5%
(w^) solutions in CDCI3, DMSGa6, ot DrO.

.The aoounts of MAA and TMAEMA{I
in the copolyrDers $lre detcrmined by titra-
tioD of dethacrylic acid groups in MMA"/
MAA and HEMA/MAA copollmers in a
cldoroform, dimethyl fordamide, ethanol,
and waler mixture wilh 0.1 ! NaOH usiog
a cortrbiDed glass-€lomel electrode. The
amoutrt of chlo.ide in the trimethylamino-
ethyl methacrylate-Ho groups id MMA/
TMAEMACI and HEMArIMAEMA-CI cc
polyDcrs rt€s dctcrbitrcd by potcntiomclric
titation with 0.01 ,V AgNO3 iD atr acctic
acid-water toixtur€ using a combined silvcr
elecde. Mole ratios of monomers iD th€
(ipolymieF calculated f!o!! NMR and tita-
tion data are giveo i! Table I. Titratiotrs
w€re pcrformed iD duplicate.
t{'td d@Il -'! h& ge, v.[ 106, Na 2, Aad :9tt

?5 MMA25 HEMA 78t22
50 MMA/50 HEMA 51149
25 MMAP5 HEMA 29111
97 MMA/3 M^A
E5 MMA/I5 MAA
97 MMA/3 TMAEMA{I
85 MMA/Is TMEAMA4I]
9? HEMA/] MAA
E5 HEMA/I5 MAA
97 HEMA/3 TMAEMA4I 95J
E5 IIEMA/IJ TMAEMA-CI 62:lE

'Mole r.lio6 c.lcul.Ld Foh int gr.tcd Det.Gs

Prcparution of Polytner Films
Polymer ilms lPere preparcd by slow, uni-

form dippiog of chromic acid cleaned glass
slides (B€vl€dge, No. DSO, hopper Man-
ufacturing Co., 3 x I iD.,0.9-1,0 Dm) or
microscope coverslips (Corning T,"e 2940,
No. 1;, 24 x 50 lolil, 0.16-0.19 6m) itr
polymer solutions (3-6% (Vv)) which $ere
frltered throug! Teflon membmDe filters (0.5
pE, T}!c FHLPO 4700, Milliporc Corp.,
B€dfor4 Mass.).

Silane pretreatments were somstimes re
quirrd 10 improve the adhesiod of pol)hers
to tbe glass. A vapor-phas€ silanization teal-
mcnl similar to that described by Haler (15)
was,u!ed. i-Aminopropyl tdethoxysilaDe
(APS, Aldrich) and ,-pentyl triethoxysilane
(amyltriethox)silane, nPS, Petrarch Chemi.
cals, Iuc., Bristol, Penn.) werc applied. To
solutions of HEMA, SEMA/MAA, aDd
EEMAfIMAEMA-CI copolymers, I mol€%
hcxamctbylcnc diisocysDatc (HMDIC, Ald-
ricb) ba$d on lhe arDount of the Eoles of
HEMA prEsEnt was added ss a crosslinker.
In this way the frlms were efectively boutrd
to the aminopropyl silanized glass. The ilms
w€rc cured for 3 h at 60'C iD a DrtrogeD
atmosphcre, Tbe pobfle! 6lds us€d fot

e?.0;.0
88.9: l l . l
95.2:3.8
86.2:13.8
97.5t2.5
E9.4:10.5
96.9:3.I
E6.E:13.2
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. of potymc' lo-tution ooro th; Jij" ;r;rrog
$:fi*,,$*: ":., :Try, rhe srides were

k :I_lt @ rp. fo. rS ro20s. This coatrDg* 
ry.T *9 r€p€ted twice 10 assue 6llr

. -".T.t-Try.. slides wcre dri€d as described' abo_ve for tbe dipcoated flms. ftre Uuctcness. 
:: T:- -"!"q *as in thc range 0.1_0.7 r.mal.dctermiDed gmvimetricallyi ft. *rr"o. un Jonrl|ty atrd possible surface coDramina--:*",1:,y uo possrbte surface coDramina-DoD wtth paniculales w€rc checked with light

r:: . T,"_"fopy: The data for the preparato! of

tt-rcaming potcntial nqtsurcmenls wcfE
* py on rhe Slass or silaniz€d gtass stidcs:" ll.Tl" g"fr-"i ".i"g;-iffi;;ff;,. i:,u:-T1""jig d"vice (Spoedway Researcn,' ' Inc., CaAaU, ic*.,l;;j;;.i;?Til:

.:, ctE dy-covcrrd oD onc slde. A clean solv.nr-,-' .*A d"', pip., *"" "J;;:;;'il;

the rhiu pollmer 6lm" 
"* s,"J"ll};i ,;

C o nt oct -A ngl e Meas ure m en I s
Most potymers demoDstrate bolh aD ad-va|rclng and r€c€ding water coDtacr aDgle (d).

h1ffJ#.5XHhlT:itr*J
;:'';il5:,T#r;.fi fi trTx #.ili

Th. coDlad angles \*rrc calolaEd ftoE

gos6=yEaU.
P ' t  m '  t r l

,:#i'+T,*'"jj};tfr:l"frt#
craurationat force fsatr take'city, 9ii:
:yl). .p 2 !,erimeFr of *ae (co:t; r- i"
:T11 g1':lo! of wenins riquia: for;ter 1

r*:##N,*mt+-*
iili".:Til:i,f iI;.?.""*:"'illT:.

TABLE II. PrlFErior otThin potyhcr F,tp! oa ct ss by Dp C@rins

MMA
7' MMA25 HEMA
50 l{i.tA,/5o HEMA
25 MMA'5 HEMA

HEMA
97 MMA/3 MAA
t5 MMA/15 tvr.A,{
9 MMA,/3 TMAEMA{I
EJ MMA/I5 TAEMA€I

HEMA
97 HEMA/3 MAA
E5 HEMA/IJ MAA
9? HEMA/3 TMAET4{4I
E5 HEMA/I5 TMAEMA{I

BMA
IIMA
DDMA

DMF
DMF
DMF

cHol
. cHctr

cHclr
DMF
DMF .
DMF
DMF
DMF
DMF

0.1
0.7
0.3
0.2
0.3

ND/
0.J
ND
0.2
0.3
0.5
0.2
0.2
0.1
0.4
0.3 '
0.2

APS
APS

6
3
3
3
3

. 3
. 3

3 '
3
l
3 : '

. 3 . .
, 3

3
6
5
6

APS
APS
APS
Ats
AT'S
,"S

ts
DI's
DIS

:DPdryt sitaniz.d sts.
:l3loproeyr itrDi,.d sta$.
:Xf:# ffil;Jl* ;nor- HEMA) crodinra.dd.d.

krdt dc.totr t r h,9. ldq v4 106, lr! I ^..d |rr



Strcaming potential Mearurcmen{
, RESULTS

mllffi:*lngim,ry
ffi-qgiltrHr$
i1;r,:.*#l*l#"*#*

H@T ET A!,

rffi$#sT#*hrT'if e, = 84s22 x rc? # nv. r24

#ffis*=m"m*imr*
,$ffi,'ffi#*?ffi frtr#fte?ffi{{;tr
tr#Tffil+f$*ffi -f,-#";#Hr*

ffiffiffiffim
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cm Hg.
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#eq*""fLl,#;;.r.:H"TH
M {Cbtoin cd tuda, sd.a vol. 106, No. ! ^'l3q rers



METHACRYIATE POLYMEPS AND COPOLYMERS 293

ilfH*lffi.ffi';{T#$t?
z

z

contact Angles

ii#;l#:h#$f*#*
ffi;;*h:frnt$qffi
ffiffiffi

No_ of C otons in
olkyt sjde chqin

"'T;"iiTililLi:i ffi :il:lnT "t1:

ffi*:***tJl*ri;,,;*
ffifl+;ff;tffi

I

i' 'f:

#fril'#Fh'$flffi,Hf*
"llHff. ,::! l*l j l*

::r*l:l.r;.:i ieif;i :,.i,t;

trfi{ffi*,;#:r$ffi
eut 4cdLid .tn dde &i@ vor. ,oa, Na 2, ̂ '|d r9!,



MAA copolymets decrtas€d after cquilibra_
don of the 6lms in PBS (Frg 4D) rne
rEcrdins, anglcs of9? MMA/3 MAA sttongly
d.crBsed afrcr cquilibretion timcs up lo-
l8 b in PBS. The low r€ceding an$es or
the MMA copolymcrs with I 5 MAA - or
TMAEMA_CI did not decreas€ much rur-
thcr sfter equilibmdon in PBS Thc contact
aarlcs of the MMA/IMAEMA{I cDpoly'

frs^},iHg'J,ff .r:if, .".'riilJ;
ileir-l,cal dp"lv-"t film was not t€sted
Jer it tr, uecausc ttris film coated oD APS
was unsEble.) ARcr 3 h of equilibmtlon rn
iil. ri" "a'ao"lng 

angles of rbe charged
HEMA copolymers were iDcl€ls€d' - whr|c
their recedlng angles werc decreasd (rlg'
,k). The incre3se of the advaociDg aDges was

ii"t "ito. 
rtt. -potl-trs witb 15% cha4ed--"ooo."t 
uolr" than for thos€ with 3%

chargFd units.

Suface I Potential

Steaming potendal mexsurEments \vet€
D€rformed ro delermine lie charge al lle

Dolymcr 6lm-wa1.r inlctftcc_ Thc AEIAP
ratios atrd calculated f potenuals ol polymer
fflms of charaed MMA and HEMA c'opoly-
mers preequilibrated in PBS for 3 h are gvcn
itr Table lll. RadiofrEquency gow dlscharge
ctaarcd -Bev-t€dge" Elass slides had negetrv€
t Dotentials and werc commonly us€d as a
iandard in the strcaming potcntial measure'
men6. The eledrokrnetic potential of the
MMA rod HEMA polymer! w's net ne8atrve'
MMA and HEMA polymer frlms with itrcot-
oo61ed MAA uniB showad incrEtsinriy n'g_
;tive I porcntials wilh an ins'asing amouni
of Uutt 

"ttutg" 
The MMA/fMAEMA{I

and HEMA/TMAEMA-CI copolydlers
showed l€ss negative I poientials than tlt€
trasa homopolynets. For thc higher mole
rarios ofTMAEMA'Cl lhe I potentEls ol rne
copollmcrs became nel Posidve- 

rrti i"".."..a negative I potentials of
MMA/MAA copolymers with resp€ct to
MMA after prEequilibration in PBS for 3-h
*€re diminished afur prccquilibrarion in PBS
for l8 h. whereas those of lhe HEMA/MAA
coDolvmeF remained constant aller prEcqul'
libration in PBS for I to l8 h (Table Iv)'

TIOGT ET AL.

TABLE III

i
I

!
t.
:

:

'

I

,

arlAP Rari6 .nd r Pot nti'ts for Gr's glIE1II

Glas (8.v1<dec)

MMA
9? MMA/3 MM
85 MMA/I5 MAA
97 MMA/3 TMAEMA.CI
E5 MMA/I ' TMAEMA4I
HEMA'
9? ITEMA/3 MM'
t5 ttEMA/I5 MAAi
9? HEMA/3 TMAEMA-CI'
E5 HEMA/I5 TMAEMA{I'

-{.332 I 0.@E'
-0.295 a 0.013
-0.32410.01{
-o.rEgl 0.013
4221! O9r2
-o2?t i 0,016
-0.055 a 0.022
+o.02? + 0.@2
-0.054 r 0.@?
-o.l14 + 0.m5
-0.155 r 0.012
-0.023 i 0.013
+0.0]1110012

-50.E * 1.3

-49.3 l ?.1
-2a.9 ! 2.2
-34. t  t  1 ,9
-41.t ! 2.3
-8,6 r 3.4
+4.2 t 0,1
-8.2 t 1.0

-t?.3 i 0.7
-r.E a 2.0
-3,4 ! 2,0
F4.9 t !.9

3
3
9
3
2
2
3
3
l
3
3
l
3

4 s

0 , 8
b , g
. . 9
3 , 8

. SiLnc link St: (.) .onc, (b) APs' (c) nrs c&'uns (d) Don'' (c) chromic lod cl.3n'd' {O RFGD cl@d

Prt.llilibdtio!: G) fo.3 h ir 'l6tobr''

:Xfrli iill7'fff:"3fiil^,/T,AEMA.r copo'nncB virh rs HMDrc.
ra.r'|4 cd.a 6r h.9t eie vor 106 No l^!ar l9tt
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MAA and ltFMA/Mr ̂ ^-_-, 
"":nl"l"nd. 

bysrercsis of potyher sur-,T*H"ffi,ffi ."ij ji:y*,y#i;r,"Hj.r#j#Jff ,i.,,THilyT*,,hv, I*T,.T:1"-**.;;.;;#:';:";J
3j,1rn'; nffiT?l'lliTHl.'il'"i*'ff.I
**-*;-: **3r:*::r, T&'iln#,,T

METHACRYTATE POLYMERS AND COPOLYMERS

TABLE V

ItMA tr.ffi
ffiffi

Dlsc.IJSStON

ffffi^1"''" 
""-":"Jlj'#ilwirh R6pec1 b a.oon

97 MMA/] TMA.EMA{]ls vuelts tuerue.cr
9? HEMA/3 TMAEMA..1ts lrueTrs luervnct

P;#^#:.:iir,r$:Tfl :ffi :,I;,n:xJYl,"H,if ;"ffjifi ";i:T#...:?xi

0.8
2.5

0.7
2.2
0.6
t.5

0,5
2.)

r41at {cdt id c,n tuak s.kz., vol. to6, Nc 2, ̂ w rerr



296 HOGT ET AL.

transilion tempemlur€ above loo'c. 
-s]01 ,T"t. when the MAA gourls were ron,zedch&n p relaxadons aDd small amounrs.ot ahcr hydiatioD in pBS. If thcse goups werepiasuctztng water at lhe polymer_watet

trrface a& coDsidercd !o6" ;;;";l.l:: 
not ionized .the incr@se in aavancing angle

trvsrcresis (3). The decrcasing;;;;:-" 
*'th high€r MAA content was not obs€rved.

ir,ftTt;tffi *ff;"Hi*#ffi*::".itls:n#""iil*:":;:
ymers with higher conre"o li *"i"a-?S'l 

lhe. backbone chains were thus not-prefer-
or charged rnoieties *. ;;*;;;-i;";i"" 

enrallv exposed ar rbe surface.
ro the incrca$d *"--;;t; ;;'#:: -- I1the polvGlkvl melhacrvlare series), lon'
mobirry of rhc porv."o 

"na itJitirl.r.T. 9er hvdrophobic alkvl sidc cbains caused
the- charyed ,oo;ai". rc ao.i*r!";iv.:i 

t":Ttd advancing contacl anSles. as ex-
surface in an aqueous e""ir*.i",iti,. 

*t pected paraihled bv an increal of the re-

,;t"ffi, j:*{;"i#,*i*"*"rkiiryrlii{tj,,T jl":.Tb-":,,[ j:J:l
enies of rhe 6tms. The cn*J viiiJ'.T 

l?r.the lolvme's wirh octvl lo dodecyl side
v-ers atooo mor" *ui". rllr;il;; ilffi 

charns-th-e-receding angles decreased and rhus
!_o19-rv'., "na rr,.; ."ca;ne ".ni.;:l $*T".'{;:lrd"itlif ijl$f#1l ri;cororDgly decreas€d wilh higher mole rc€-ntages of charged -r* r"Er*-tl'. 

per_ bwenng of the polymer glass tnnsition tem-
advancing angles **" 

"inr"r,ri- """i""#t 
ffiure-bv lhe longer alkyl side chains to

;l *tffii;il.1;,.rffi,i;1ffij,{{i. ;il: ff fr ?f"T" TJ H,#
unils than for tlr;se wirn ,to io"*Jiil 

to decrease lheir inlerfacial eDerg/ in warer
l^':F:o* rilr," .*a, i.Hi*"iil: ffi:l'H:_xHff LT"l:,iifi ' reirienration
ff r;l:'ffiTff:*"1i1'1Y#:'Y# - IT "" ""r rM ;;:;;'uln'o oo'"'o
porarion of charge '" ;; i;r;";;.f:, 

as wellas SJass had a net negaLive lporentat.materiars eitber does ""i ;; ;;ir-ldi.,j H:"il:fT:T,'*ili:1"# J,"T,.,r.trfa
i.:,:ii#fl ET#",h::',iJ*;'l"*;;#i#;;H;fl ':::1".".
Incr€ased advaocing anges in conlras! lo the 

..The ditrerence in f polenrial bcrwe€nTmF*tri ;irf rfi :#.:#ji il{i,-j tU l*"ld "#Ht#1.:tr'r{.!y.*.'";;;;;# ffil,i :il:':i,i*l"T"fi"l|"''*ff ' l#H,ilt:f #:::T"..,:tillitiffi;fl1'H{r'ilr*m*ril""#:lT*r*H1r,:rri!:{"'Ji1iTu'il*i1ru.,**i; j*;n##i*:r
ff"ilI'Jlil::'*:1"r"::Y,l1ioo'lfr 4".' -a r'vo.og"r -.;L-;'fi ';H;",
preferentiajiy .*po..a 

"i'oi 
;;"* ;""1 

Decause o[ differences in rhe position of the
c.uses rle incrased adva"ai, -"""]"jJ 

nvdrodvnamic shear region al lhe surface.

*iil'#"JlJiFrilff'#;*irii:""*,."*r;i"'::""TH[1*:rhe eme,effecrs,. wirh uruenriotiJi"_ :[s:HT,#'Sl.ffi,ribuk to a de-
Lj were ob6erved wirh HEMA/MAA c.por- rh" ;:;;;i;-;i;:liiiery cuaecttu d Ecdhu qd rfl.,tu s.t@, vot. 106 No. ,, ^qrd relr
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ffi?Y"t&:ffi,"trn#tri#ilfH[*#:r'xy[?d
*y :T"f U, Van wagenen ar a/. qo;. rn
IT- Tt dy 3% potyoer sotutions werc used

ip;:ff,ffi:ff ,riffi flT#",r$:
11: :n fi.om I % soturions by Van WaseDeD.r a-.,r_,olger.prE€quilibration of MM,a!/MAA

;.q:trsq$$"fii:r,::,;,r#H"""'ffiJj#fT1r:","ilh*
trTiH::ST f T''JHS'TJT""il:ffi

-d*":rfl.n#i:#J#{tr
:"ff ,,:I':Y.:try"il,}T;Hl1tri#r
tr$'*'f:"'#?ftm"?T#+lii

ACKNOWLEDGMENTS

i"ffi3;l*;'d$H*l*ft*,i*{
REFERENCES

. _ ln*;ti*{"1"H"ffffi,' mr
z. r.u.n.-J.. &us.lin& r., s"",j",'A" ;i s",j,

nH. #, l,,lffiT,'""fftl1tff' ̂ ml"'dff{#}i ",",,i:,l"'I.
:. 

Rztnq, B. D., au. BiMed E !. tl- !ri rroal,' ̂ iIT. i;'I,:i";sl*T,Ly.I:i"-"'1i" *iJffi'l;l;l;i,H;,1 l,Jlffli;
;"r,Trllr.fii", D. r. cortotd rh;er!tu"

r .Till?;,y;f;,i" vatrlla. t K . E,. pat,h' 'H+ls+l++s"*.$si*
-'H1,:* I :5i;"1;;1,,.ii,.;"1"?- -."E5-fi*iir##tfi'*fr

I I. Hrtlod, S.,.'prpenton, Ch.F.rdi4iion .ft, Cdt
t@t 4c.uoia d ,|dtut s',@, yol 106, Nc 2. ̂ $d rer,

coNclUStONS

*,:Iy;"q conract anstes as dekrmiDed

ffi$ffiri*iiffi
,ffi
frffiTffi'ffili#
;HH;:[ff ,f"'if, *' P."u"urv i""-i



3rxl,,'i:iffi ili,'r't'*.uffi fi;
12. tohr::: a.. KL.D.r' E 'd winNin r" r''d'o"l

t r$i*i,gi' r;.x:*; -xrl
!,#;[{#'fffi11;'ii14itr

T..hnol rr' 561 (t914)'
re. vrr w*cncu n- r',rnO A'.dt'!lc'I D'l cotota

," *#'tff:".'i'l'i l"lHfli or crcdidrv'od

HOCT gT AL

td'. q c.rait.td b.te 9!i& vol 106 Nti^!d t'l'

phv'|ca- 5&h .d.. 9. Fa9, E6l. cRc PrFs'
Prin D..ch, FIL l9?7_l9l

",*S,:,ii*".S f*fr ,[.],; f",i",f.f i""1
15- WitcFlnt.Eicnc' Nc* Yort! lvov- . -

2r. Ho r', F J- rnd Rcfojo M F'J Diod'd Mah
X.r .9,3 l r  (19?5).

" ""J l- i;:^J**;l "? il].';.h",ff#l
,.'-Ti;J3:jlji'lii.'. ̂ . p., "surr.cc hvdndon
" *''a_2." 

e"""t,tt " FFr ptlt'rkd rr th' rh'
;.don.l Conf'rcict on Surfc 'n'l oorro6r
Pucno Rico, lunc 1975

zr. voiJi, rorc'' n *d DoE$' E t '':M'd
,,1ar.r' xet tt, 3l? (1984)'

E
f

k
ll. . t
lt
!;
I
i
i

I
It
I
:
:



s rE ;e:si;;ii*n;:,iiis 
tlieie-iei, 

$g;;i

issisiaiiFiiigigEgiggEF; 
i9iigsisgii 

giiis

I$eF€

5
-

E
E

; 
i=

 tE
-flI E

e
: 

_
E

 
,^". 

r 
Ie

 
S

tE
i'€

 P
H

; 
-E

.i s;i#-pE
c ;t.E

I€::i 
ti

E
 i 

=
gF

ti*egib::9 €e:"icE
:E

 
;fi

::, 
etf;E

*;e;5;;'3, 
€;H

;eE
B

! 
;; =

;
iri giEsEfff 

sEgEiE, 
€;itiiEE 

Es Ei
: gi EiE:giifigE€F!H

{ 
E*EE;E;f-F3 

::
i* 

;e€tE
;qp$iE

E
gi; 

:E
tgE

;FE
$E

r 
E

:
gg iFge€igBEFiFEEE 

Fiifff 
iEEE€ 

==
'E

 
;E

;C
E

*e€;+
sF

i;e 
E

:g;e!:=
.;!a

=
i 

f*i"a3::.i":H
;g!-: EfiE

5!;;gE
E

":
5 

:E
iE

iE
cE

;t$

L!q)

(h

q)q)|.ba

p(hLQ

N+(uFa

U



!'6_9=I6O
F

E
:

q
!

6
a

R
E

d
a

9
d

i

>
'

sI
\ 

; 
\5\

:q4Ee

:I
9II

T\"\\
\\\

:

P3€€$a5sIzztra* $; in'u ;ggiiggiiiiigsgis 
giiiFliggi

gggiglgii$iFil9*ggiiggiiga$!si 
ggsgiiiiii



EEo
a

 
>

\

6
!

E
9

J
4

k
o

9

c_
q

 I

6
 

-A
o

)

. E
 

,=
Z

Z
Z

;=
* 

oiI.9)

:
"

_

: EgE:i€Fee;F;ii;;iii€ 
igiigi;s 

;gia*Egis$ig
E:sEff 

s€ 
FgiFgi 

gE;gii 
i iiaiEiE 

gsiFFsEgFEFgg

$iiiiigiiiiiff**i'Ei' 
i''i ff sffgggi$uirii

I !e€t:i3!z



.eE

I
P

i
d

e
3

E
]

i
a

:
o

F
8

,
P

b
: 

:d
 

a
! 

s
S

 
;f 

E
g

 !i
r

 
5

 -
 

:
9

 
E

:
 

9
n

 
s

E
 :

i 
o

 
E

E
 

;i
t 

- 
€

.. 
^

E
 

i
O

 
X

G
 E

I
 

$
E

 
g

a
 5

E
 I

i 
f 

;,E
 s

: 
!E

E
E

 :
F

 
E

9
: 

;E
 .i; ;T

E
 

:;- 
:j

5
 

:
;

 
b

-
 

:
:

 
3

ui; s;;' 'iiiiig iE,i;;,* 
i*,i'i'E 

irsEsg:gg 
g

iii;;;gggi$iirFcliflii;i;il:issgfggg;iii
lgff , ssFgg;g,igiiiiigiiiiigis;igligigggigi

x
o

=
-

e
d

&
 j

d

4
.

?
!

h
h

B
s

6
6

=
'

+
E

9'6

F
6E!

e
:

r
_

<
!

^
9

r
_

r
_

.
q

=
6

:
!

=
-

-
-9Eg

s



-:.ia
.!;E
>

:
;

t
i

ii 3.i B

3
4

9
!

a
;E

:-
-

!
-

:
;: 

e
"E

.i x 9(]

; E
'i;

o
!

9
1

I
6

 5
6

;:0
€

.P
a

 3 S

5

e$€R
'

e

5
 9

9
9

i
 

d

*
;

t
q

6
=

 o
k

;:T
 

E

6
!)a

-

5
+

 3?
-ib

E

EE

A
E

-
g

*!*
5

8
3

E
F

E

dZ2Z
6

E
a

( 
urc 6i) poqrospv lunourv

z.
ruc 6i) poqrospv lunourv

z



{

i ig iffffgggig 
*ffg ffruggrg 

gffgg 
gig

: igi, ffiirgg;gg 
gggituffm

ggggIg**ggiii

2
v

z
z

,

c
,5

:

P
P

 !{

,3; o' ;<9
E

:i;s
l!i:s

::E
d

.!E
5

*

.E
 E:;

8
:q

E
.E

E
€

8
.: a

.E
.E

 : 
_9 6

z,F



P
,

i
*

;
 

>
 d

5
<

 
!o

*

^E
 !t!

6' git

i i s;
&

 *c$
F

s *8
R

t
- 

d
9

s
4

'R
E

<
!.E

-1: i s:.;
F

 F
P

 F
"q

6
.'5

: 
; <

a
l E

"B
6

;?
;1

 1
;.o

;{

4l S
tss::

-\.i.js
:1

EEE.9c0€E(J.5
ur, I
il 

-

9l 
i

il 
+

e
E

i :x
o

l 
:E

<
l 

-:

- s,s;*; f; :fEFe 
==*E.eis$re-

i $E 
$i6u;ifuie$$E'EEi:i€*ssFi*

lg*ffiiifffi$ffigruggs
; $FiuiiiFgggiiFggFiiEiiigiiii;
I

I5Ei5

E42iI
P

e
,

gi,ii*Ei,siiEiiliii
g;E

 
't- i

i3
: 

.E
 9

.9P
Y

:
.

:
s

 
€

.
;

 
>

 
e

 
q

 p
F

 g
 

i
.

:
o

i
o

-
<

=
6

t e
c

:*
 t i i e

i; i
.! 

r 
g

 
E

! 
! 

I
! 

s
a

g
" 

s
 i"- 5

 
'"

E

;
Y

.(! 
\vIc0



3
!

e
=

;
 -

l
F

 
C

-
*

:
5

rc
'j ;3: :=

l: i;E
g

i -:
! F

: i E
F

 ;:*; g:_l 
€S

 i f 
,iui,

; -l i E
* E

eF
:i 
i;rr 5i F

 t 
2i2",

;:€ F;i i Se 
, Fi'{i-;ril 

i9 E i aii;a
ta; :afle1,ii 

r eE
eE

xfrj*!d 
:E

 : g 
3:f; i

5=
3i 
.R

!is:iB
i 

5;!;ai;{:<
:P

 
l.E

: ! 
I'il:=

;i: F:e€iii! 
iit:;fqiii:; 

i; i=E i:::;
" 

g
 -=

E
 

A
: i: P

i s* F
 H

,-;d
i:;9

. ': 
F

 1E
 

; . Z
S

 ;.
!is" aer3t3;+

 
I*5=

:ier!;e{ 
:q f5: ; 

: i6;;
;;; ;!;;t!3i:€;:cF

i3!1si3-s: 
i{x =

 E
i=

a=
;::A

e:;;;:;t:;5i:iis!it:::a; 
;l;; ! ^,i;! ;*'

is:;E
i;ljieFgr;jsii;$;c;+qiE

r*::i 
: -i'

se
e

S
* 8+

 E + * s s 5 + s e e. s' I l :3
; n

 i p
 I I e

 : e
 s J

P3PesFR

E_+z(,6

3F-€i,35

b
d

s
';9

:
!

9
s

p
>

6



218

BeDr i l r rd  f rod  LANCMT tR.  t99 t .  Z
CopFigli O t99r by the Am€rjca. Cbemical Socieiy sril reDrinted by p€rmissio! ofthe copf,ish! o*qe..

Fluorescence Quenching of Adsorbed Hen and Human
Lysozymes

D. Horsley, J. Herron, V. Hladv,l and J. D. Andrade-

Center fot Biopolyners at Interfaces, Deportnenr ol Bic,ensineeine, r,lntueBitr al Lttah,
Solt  Lak, ( : !  !  Utoh 84 !  t2

ReceiDed Decenber 5, 1989.ln Final Farm: JuL! 2, figA

The rodide quenching ol  prorein f luurescpncc saq uspo ro "tudy rhe Ffh.r  ot"urta.e ad*orDr,o,,  on rrec u n l b r d o r i u n . f  h u m a n  d r d  h F n  l \ s o z  n e q .  T n r F d i ' t p r e l r r i p e s o . u r i a , e s $ F r e L . p d f o r p f o r e i n
€dsorDlDn: . rsr  hydruphobic;pd.  uncharepd DDS.. i r i "d:  ,b '  unmodi t ied.  nessr ive.  chdrscd " i i ica;  ,L l
pos)nvery.nt rgcd Ar 's-s. t rca.  thc evanFd.pnl  sr  r  ace sarF eerpra l€d b!  to ts l  Dlernal  rpf ledron wa"used to ercite int.insic fluorescence froh the typi.phahlt re;idues or irr;venibly adsorbed tysozynes.
TIF FrLer t  of  oupnching o|he sd- . rhpd ' ! "uz)me f lu . res,  Fn.p Rss s\o$n ro b. ;  funcr i "n o i  bo;h rhesnecies nr lvsozlme stxdied 6uman \ s len) and the type of su.face to which the p.otein was adso.bed.A mtdrrred !jrern volner q,renching mndel, shich assunes accessibie and jnaccessible DoDulations ofpn'le,n uxornphoreJ. was applied tu inalize the expe.imenial results. The chahse in th; fractional
.rress rrrtj ut rluorophureq due t. tle ddsurption wa-c talen as s measl1le of p.otein confo.mational
rhanse B.tn lrsuzj mes spp€areLl tu erhihit sdaller denaturaiion at the DDs,silica su.face than on the' ' l h e r  l s v - L r l a . e . . 4 . . , u r d i n g t n t h e q u e n . n D g - . . - t , s b o r t  t ' " . z l r e . $ . r e a r  p . s r  o a r i a  v d p n o r u r e dupm ad.urp l jun ro ,  he urmud: l icd.  nagar j . ( . \  .hrgpd -  t i  d  -Jr tu.p ss s- ' t  a-  on th;  posi l i ie . .  .hsrgpd

-ty .oz j  m'  drsptayed nulh tarSpr.har  re.  .n  .  ha dpr  i .u  -dt  iun pusm€red Lpon
ddsurpl,bn to the tbrre surtaces than iheio lysozyme, indi.ating l,hat jt is less conformationa y sGble3t Inlerlaces. lt was luund that ihe elTeetiv€ quenching constant ofiodideanion depended la.gely on thecharce of the surface.

Irtroduction

Th€ understanding and control of the interactions of
proteins with solid sufac€s are importantin a nmber of
areas of biolosy and nedicine. In the last 20 years, there
has been conside.able interest in prot€in int€ractions wirh
mate als used in medicat inplantdevices.F3 Oneareaof
paticular jnterest to th€ contact l€ns indushy is the
interaction of tear p.oteins with contact lenses.a 3 Dep-
osition ofproteins oncontactlens surfaces cause a loss of
visual acuity (du€ to th€ opaque nature of the adso.bed
protein film), wearer discomfort, and, in some cases, acure
eye diseases., 10 Lysozyme is a major protein constituent
in rcsr f lu id.  ano ha: bcen showr to aho be a majo"

t To whom correspondence should be addr.sed.
t On the leav€ of absence fron 'Ruaer Bolkovia" Instture, Zo

(11vroman, L., Loonrd, E.1., E&. Ann. N.y. A.dd. Sc!.I9??,2a3.
r : r  B"F  .  F .  E .  Eo.  App lFd ch"mis  .y  a '  P ' r 'e i -  InFda.ps .  4d . .(h .n  Se.  i975 .  Nn ,4 t
'u i .uuppr .  s .  L . .  Pepps.  N.  A . .  Ed . ,  B iom"ra 'a l . :  t l tpdo , io .

Phe '  .n "naand App l i i r r i J l -  Adu.chph.  Sa 1982,1 \a .1 .9 .
I j K*Abe,, ien H L t h.nt"ot ltlp4,r. ot ApoqLp Depa. t" ar

F"qa.  t4o '  a  H.u , -pa t t tc  L .  ̂ " , .  Repon S i i ; s  q_ :  A tF ,sar  th .mr .
.eulicals: irvine. CA. 19?4.

, j  w " d l e r .  !  .  J . B , a a , d . u a p r  n " r . I 9 ? 7 , r l , . f
(€)Wedler, F. C.; Riedhanner, T. M.I. CEC Crtri.dlraDieus, Bto

compol;6tllr'; Willians, D. F., Ed.; CRC PEss: Cleveland, OH, 19?9.
. (t)ll.saLa, S.; Ozawa, H.iTanzawa, E-i Islida, s.j yGhinua, K;
Monose, T.; Natajiha, A.J. tianed. Matet. Res- tsa3,17,267.

r3 r  l_ ipa  h i .R . :Munbc-e  R,Tna i f i . t3 .J  . ^ ta l t  a4 to , t  L "^pL
c)l n al "nd App,t"d T", h"-tu6\: Ruopn. M . ro.: i. !V tpJ dd Sur.:

rgl Allesh rh. \,4 R : Kor o. D. R.: Lrei0pr. J. V.. Helriq'ez. A. s.,
S'TUn. M A.: FDnemure, V. lr- Ah. J Opht\ohat. ts77,\r, bgl

r  n lDuh lman. l - .  H . .  Boru .ho t . .S .A. .Vobt is . t .  | -  Ar .h .Opn,4dr

component in soit contact lens deposils.rl 13 Conss-
quently, the use oflysoryme in p.otein adsorption studies
hassrFarpra.r 'c€l !a lue. Fu hermore. s incc t lso?yme is
arather simple, well understood protein,u,ls it can easily
serve as a nodel for understanding the seneral principles
that seern to gov€m protein adsorytion.

Experimental neihods used to study ihe structural
changesthatoccur in proteins as they unde.soadsorption
at interfaces are cullently very limited. Total internal
reilection intrinsic fluor€scence (TIRIF) spectroscopy
conbines well-known advantages of fluorescence spec
trGcopy with the surhce s€nsitivity ofinternal reflection
optics and it has be€n used in differ€nt aspecrs ofprorein
adsorption.r6 1, One ofthe fluorescence techniqu€s that
h often used to probe protein conformational changes in
solution is the technique offluorescence quenching.,Gra
Presently, very littl€ is done with this techniqueto probe
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Fluarescence Quenchine of Adsarbed Llsazrmes

the ronfornration or orientation ofadsorbed proteins.In
ihis study we have extended TIRIF to study iodide
quenchins of hen egg-white lysozyme and hunan mitk
lysozyme, which were ireversibly adsorbed ro a sei of
nodel silica surfaces. These results are cornpared with
those obtained for the two lysoztmes in buffer solution.
We then propose a simple model to €xplain our findinss.

Materials and Methods
TIRIF ApDaratus. The roial inrernal rcflection inrriNic

fluo.esc€nce (TIRIF) apparatus used in the6e exDerihenrs ivas
idenl.ical with that used by Hlady et a1.'6 e!.epi thafth€ .r phoron
d€tecftu. svstem was not used. Bulk solution fluorcsc€nce was
Deasured by placins a .ectaneula. fluoresceDce cuvefte in place
oJ the TIRIF c€ll, thus maintainihs rhe same seomerry berween
ihe excilation and ihe emiNion lighr parh (70o dns,e).

P.eparation of Ailsorptior Sur6c€s. The sili.a sur|ace
was prepa.ed bv cl€aniis anorphous hydrophilic silica nicu
scopeslides (ESCO Pfoducts) in hot (80.CJ chtumicacidfor30
mln, coolingto room temperdtu.e, and ihen rinsing thoruughl!
in ultr.pure (alef (I,lilli-Q reasenr waier system). The stides
were ihen dcsiccated fff 12 h at 100 .C. Cleantin€ss was
onUrned by the absence oi hysteresis in rhe Wilh€lmy ptat€
waier .oniact angte h€asur€ment.

Th€ il (aminoprcpyl)idethoxysilde (APS) surhues $.€reprc
peed by dip .astins clean silica slides in a solution of 5 9i (;/v)
APS (Pet.arch Sysr€ms) in erhanol waier (95:i) quxlure ano
altowingsilanization topmce€d for llo nin atroom t€mperature.
After the silahizatn,r the slid€s w€re rinsed s€verat i.imes in
D U r i i i c d  " . ' r p - .  r o l l .  v e d  b r . i n . i n  n t 0 0  a t - a i , r .  T h " J J " .
wete rher  dps. .drpd undFr \dculm ru i  \  a  b0 oC.

D ,  .  l . \ l d i , h . { u . r l a n F , D D S .  - . , r ' o , - :  s F . p p F p " r - o  \  aprcr04,  s in i tsr  ro r l -a .  for  Aps:  r ra,  p p.Fps.ar 'or  _r . ._ ! ,  ra
tlre reaclion mirture was 10i, (v/v) DDS ipetrar.h Systehs) in
dr!ntu€ne and slides we.e rinsed in ethanolbeiore rinsingwii.h
watcr ih order to remove the residual toluene firsr. A1l ot theprepared suriaces were kept cove.€d and used wirhin,l days of

Buffersand Lysozyme Solutions. The buifer used tbr rhe
ad u u l i  '  ,  \n '  r .me ' r .  was d . i$phdrp bu.h,  ,PBs.  tH I  4 .
tKH:POll = 0.013 M, INa,HPOrl = 0.054 M, lNacll = 01 M)
hade tiom aDalylical grade reagents ard ldv conductivjiy rvater.
Boih rhe hcn €gg rvhire lysozyhe (3 x crysrslline) and the hhan
milk lysozyrre (purified via ion exchage chronarosrapny, sa,!
free porvd€, i,ere obtained from Calbiochehand used s hout
Iuri.he. pu.ilicalion. Thep.oteinsturionsas madebydissohins
10.0 ng of ]ysozym€ in 10.0 mL oll.h€ PBS buffer. The iinal
pr" le  n.un,en "a l ion wo! , i - " . led .pe,1r ,pho.omar i ,? t )  b j
u ! r ' q  l h e  l b . u r p l i \  t ) .  n  -  2 . , .  a , d  6 9  L r  . -  |  d ,  8 0  i m
for the human and hen lysozyhes respectilely.,.t3

The buf.fer used io. the lluores.ence quehchins experiments
was identicalwith the PBS buffer abov;ex.epi i-hat insread of
lNacl l=0.1 M.thes(nINaCl l+ lKI l=0.5M Thesiaqu€ncher
solutionshad iodideconcent.ations of 0.0,0.1,0.2, 0_:1,0.{.and

AU bufere we.e p.epded fre6h. prior ro each erperimenr.
Lysozyme Adsorption ExDerimerts. Ten miUilite6 ot the

l nrg/mL p.olein solutun wa6 injected inrorhe TIRI| cetl and
allowed to ad$rb to a plriicular sudace f{tr t h. The 280-nm
evdn€scent surla.e wae oedled by total internal reflection ar
thesilica/buffer inl€rfacevas used toexciie inriinsic fl uor€scence
of lysozyne (m€asured at 335 nm) bt' shich Lhe kin€rics of
adsorpibn wer€ lbllowed (D. Ho$leyeral., in prepa.ation). The
excitation and the e|nissn,n half bandvidth qas set k) 16 rn.
After t h the cellwas flushed repearedty wirh 20 mL ofrhe 0.b
\ 4 \ 1 . 1 b u  h  . .  . , , i o n " , i l . , i h e r n ' s h . 6 d o n o r  F . u t  . n
6 l L  r h e . d p , r p 6 "  r '  l u o r e r F n ( e . ' l h i s e r - u r . d L a r r d x u \ e . ,
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3 l  ' '  i -p .onad,orhpo a.d weoLl \  ao-oroed prorF:naad p lov idaa
aba-el .npl  r , , rFccpn.e.  4 id l l :  i . t r " \a" i l , )  d .o.bpdrJ, r lm".

lodid.  quen.b inq Expci imenlc.  Si r , . , t -e  quF; ,h i ;B o,
11trores.ence olprol€in t.wtophdrl residues was rhe subje.l of
th€se eiperiments, tr}trtoDhanvl fluorescen.e
screraied by excitilg ai 295 nn rather rhen ai 280 nm and by
.iollcctins the emjssion ai 335 nn. Foll.^vins rhe buffer flushes
siih ihe 0.5 M NaCl burer snution, the seq;ence ofquenching
soluLions of in.reasiDg iodide quencher ;on.€nrraiions wa;
inj€cted inlo the TIRIF cell aDd the fluorescen.e intensity ss
.ecorded. After the quenchins sotution wth rhe hisheer i;did€
concenlehonwas injeciedand rhe fluorescence signalrecoded.
20 hL oitbe 0.5 M NaCl buffer &nution wls injecteatuderermin€
if the fluorescence returned io the baselin€ vdlue (indicarihg ihe
absen.e of additional desorption). In all insi.ances, ihe fluo.es,
c€nce signal recovered almosi fuly (>90.,;)t rhe rrlprophanyl
fluorcs.ence at each iodide conc€ntrarion ivas.oriected for rhis
decreas€. assumi.sthatd equalfraciion ofthe signal was losr
due Lo desorptron at each inje.ftn oi quen.her solurion. The
iodine quenchi!g experiments usinsbsozyne dis$tved in buffer
solutrons were penbrned as a r€ferenc€ by siandard tecb-

^ E\b" ,  me.r" l  qJ" ic l  ng dsrb qere ansty/"d by J. ing, t -e
brern \  nrmer equatr .nzr

ao l l= r+Xa te l  (1 )
whse t0 and a are the fluorescence intensities in the absence
and presence of querch€r, rcspectively_ dd Ko is the Stern
Volner querching constant,

A  nodT i "J  , , rm o t  .1p  \ t " rn  \o tDpr  pqLar ion  , t r rBrnd l ,y
orop ,  .ed  o \  1c tu" ,  r  s . .  a . "o  u -en  rc  ena 52 .  rhe  erper i i .n ra t

4/r. = L/(/"(e,tQl) + 1/t^ (2:)
lvherelI'isde|nredasl-|=4 F,l,isthefraction.taccessibility
of lrvpiophanyl .esidu€s in lysozlme, dd Xo" is an effective
quen.hinsconslant. Three ihdependenrheasur;meDtshrdbeen
nade Ior each iodide .oncentration. Wh€n rhe hodified Stern
VolmereqGlbn (eq 2) Fas used, a weighred l€drsquareslinear
resr€ssbn method was applied ro calculai.€ ihe slope dd rhe
'ntercept.fthe Io/.\I. vs 1/[Q] plot.', This anEty6is takes ibro
.ccounii,he fact ihat each mean observation hsirs own parcnt
d istdbuftn and is weighied inveBely as the varian.e oj ,6 parcnr
distdbutio!. Ths cohplete analysis can be also found in;€f30,
.{ppcndixB- Fron the slop€ and tire ihierc€pr one crn.lere.mjne

Results and Discussion
All of the quenching syst€ms studied exhibited down-

ward curlins Stern Volm€r plots when the quenching
re-u l  .  $p 'e p lo, rFJ ac.ord inB ' , ,  eq "  ,  FolF v.  tQj ,  da ra
n o r  " h u $ n r  e f e ) .  0  A c c o r d i n c l r , , h e e r p e r i m e n r a t r e s u t r s
were malyzed by using the nodified Stern Votmer
equation (eq 2)by plottinsa0/lFvs 1/tQl. Figures l and
2 show the result of bdide qu€nchins experiments for h€n
ess white and human milk lysozymes dissotved in buffer
-u lJ i i , .n .  reso. f t  .e l ) .  F i "u 'e"  r  rhrouqh b - [u$ Ine
nudi f ihdS(ern Vulmer f lor .  for  I  he i r -evels;h)yadsorbed
layersoltwo lysozymes atdifferent sufaces. Eachdarum
is the mean value of three independent m
while error bars represent one standard deviation. The
straightlines were dete.min€d by the besr fir using the
weighted least squares linear regression analysis.r, Table
t lists the parameiers la and Ilo" ivhich were determined
liom the hesi fil

Comparison between the solution quenchins of hen and
human lysozyme (Fisures 1 and 2) indicared differenr
fraciional accessibility ofthe iryptophanyl residues in rese
two proteins:lalhen) = 0 37 vs /"(h**) = 0.18, respectively.

-. (29) Beinsto4 P n. Ddr. nedu.tua and E ot Aaabsis fo. the
Pn]stcd, S.tez.esj Mccraw-Hill New Yor[. 1969.
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vtQt( , 'M)
rigur€ 1. Modified St€rn Volner plot for the hen egg lvhite
lvsozlne in bufie. solution. The value of the .orelaLbn
co€ffici€ni, n,, is indicaied. For erplalaiion ofother symbol6

r/tai (ao
Fi8ure a. Modifi€d Sie.n-Volm€r plol1br th€ hen esg-wbite
iysozyme adsorbed lo lhe DDS sili.a surfa.e. The value ol the
conelation coefilcient, R', is indicated. For explanation of othe.

vlQ(vl!l)

Figurc 2, Modified Sle.n Voltuer plot for ihe hunan nilk
ly!'ym€ nr buifer snuftn. The vllle of ihe correlatron
coefficient, 4,, is indicated. l'or erplanation of other simbols

Table L Stch Volmd Quetrching Parameters for quman
anil IIen Lysozymes

l,tat(ra{)

Figure .1. Modjll€d Sten-Volner plot for the human milk
lysozyde adsorbed io ihe DDS silic! surface. Th€ ralue ofthe
con€lation coefiicient,,4':, isindicated. Forexplanationof oth€l

suface of the active site cleft.33 It For example, it has
been esiimated that as much as 38!. of the fluoresceDce
of hen lysozyne is emitted ftom the active site hypto'
phanyl residue alone (Try 62)-3t Tt is likely, therefo.e,
that the solution fluorescence from these tryptophanyl
residues will be prircipally aftected by the presence of

When adsorbed onto the hydrophobiciz€d, uncharsed
silica sLrrface (DDS-silica sudace) boih lysozymes showed
almost no chdge in the fractional acc€ssibility of tryp-
tophmyl residues, ! hile the effective qu€nching constants
incr€ased to a diilerent extent (I'igures 3 and 4, andTable
I l .  a .  .ompafed $ i rh rhe re lerence srarF l i .F.  lycozyme in
the buffersolution)- Incontrast, adsorption ontotheun
modified, nesaiively charsed silica su ace catlsed an
inc.ease ofl"tor bolh lysozynes to approximately^= 0.5
and a decrease of I{q" (Fisures 5 and 6, Table I).

1'he chanse in th€ hactional acc€$ibilil,y can be
tentatively inte4reted as an extentofthe conformational
alteration of protein afler adsorption ai the particular
surface. Accordins to this sirnpl€ nod€l one can conclude
that the lysozyme adsorption onto the hydrophobicized.
uncharyed silica suface (DDS'silica sulface) does notcause
asisnificantconformationalchangeinbothhenandhuman
protein since there was no change ofl" (Table I). On the

(33) Mulvey, R,i Gauliieri, R.; BeychoL, R. li..h,nolry l9?3, 72,

(34) T€ichbers, V.i Pla$e, T.; Sorell, S.; Shdon, N. ,io.rtn. Btoptys-

(35) Imoto, T,i!orst€.,1,.; Rupley, J.iTa.aka, F. Pm.. Ndll A.od.
S.;. l-I.S.r{. 19?1. 69, 1151.

and prot€in conbindrion

ien lyslryme 0.il? 400,
!nm.n lysozyme 0.18+ 0.03

hen lvsozrme 0.3,1+ 0.0,1
huinan lysozyhe 0 20+ 0.0,1

un'nodilicd silica suiface
h.n lynrzJme 0.56 + 0.10
human lysozyme 0.53 + 0.23

hen lysoztne 0.36 + 0.03
hun!. hs.zyne 0.68 + 0.10

'+l strndad dcliation.

Theeileclive quenchins constants were roughlythe same
(Kq.rh-r = Xq"(h".-r.= 2.7 M 1) (Table I). One should
note that hen lysozyne has six tryptophanyl residues, as
conpared wii.h five residues in human lysozyme, a fact
that can account for different accessibility of these flu
orophores. Thelocation of tryptophanyl residues in both
lysozynes can be visualized by usins the proiein atomic
coordinates and molecula. sraphic, as descdhed earlier.3l!'?
It is known, however, that most of the lysozyme fluores'
cence comes liom tryptophanyl residues locat€d on the

(311 Hansen, J., M.S. Thesh, University of Uiah, Sali Lake Ci!y, Ui,ah,
r985.

(ll2l llorsley, D.i ltef.n, J.i Hlsdy, V.; Andrade, J. D.,4CS Srnp. Sar.
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Jiql l  !  l ' tog:r ' :d sl"m v"rmFr pro tf  h. i-"ncle-w,,",vs07\  mp ade. rbpd to  r ia  L rmod r i "d .  t i . s  " " . ra " " .  
. t l i e  .d tueo rhe 'd rc ts r , . , . .oF lJ r iFn '  R  i .  nd i ra ,ed  fo r " \pans , i , , r

o r . ther  s \  mbots  see te r t

r/tQt(rA4)
Figure 6,  Nlod t r .d  Srp,n \ , .  mp" pto Lr  rhp humM r i ln
nr  rnp r ,  Ft3, .un .  mr l r$. .  R2.  i .  ino i "aL"d Fo,  * rp,ans,r . ,  ,or  ' t rner  symbi , ts  se€ teYt
.un| 'dr ! .  r .he aJ-v"pr i , .n  onr , ,  Lhp unmod ;Fo npgar vet j
Lhaf-ed - ;1 i , "  sJ ac"  brrngs "  rhange of  / ,  6r  h" , i r, ) ! i  7 y m e : .  1 d r ' a l , n r  t h a r  t h c  - r l i L a  q u r t a . e  d u e s  i r d J ( e."n l r  ' "mar ' !nal ,  hanr$:n borh proLern: .  fhed; ihren.e
I n l h e h e n l ) , u / ) n  e ,  o n l o r m i r i o n a r  r h e  D D S  s i l i . a q u j t a ( e
a a . ' ,  lhp nmldi I iFd . i l i .a  s . r face w".  .uop, , r rFd hr .\a" .aUle an-Ble ESCA "ruo:"s.  whr,  h ch, , {ed ,ha.  .he
I  nr . l {nes5 ur  r  re adrurbed t ) .ozymF la)er  kd,  I  bs Ln Ine
srr . .a  { r lo@ than un rh"  DDS.ur ta.F. . ' " .  Name,y,  adFno lu I  ed prurp in i r  e \pe,red r , ,  spr"ad our  un rhc -ur iare
a r d  r h c r F b )  d e . r e r i e  i r c  a d - o r o e d  t r ) " r , h i k n F " . .  T h ernrpr- ,  r ron . t  ihF p, .s i | l \  - t )  (  haJsFd dmin. ,  a . id  rp. iour ,r L ) q .  A r g ) .  s h i . h  a r F  p r e 5 e n t  o n  r h e  e u r t a , F , f  r h el r r ' z J m ,  r .  : $ i . h  r h i  I  e F a l ; . e  g r , , u p . , . n  l h F ! i t i . s . ,  f l  a c emavbprF.o^,  q 'b lpfor-sprFadi ,  e  rhelys, ,J .ncm^le.d,e
, u  o n  r h e . L , r  t c ,  F .  A s i m i t a r E s c A J L d y r n d . " m p€n s " .
werF nut  avdr tabte lur  hLman t )qozyme. Tne 116q11.r .1
b(  es. ,1, i1 . . ) ,  u f^ . i l i ,  a  ads, , rbed hum"n rvsozr  me cr-ang".
m u ' e  l f d n  r h€ f r " , r i u n a l  a ( . F s s i b i t  )  " t  h F r . ) 5 u z ) m e a l
lhe .ame.ur la(  e:  fu .  exampte. / r  charBes.  r , ,n  0.  t8 .o 0 5rr . r  n u r a q  . r  t r o n  0 . 3 7  , o  0 . 5 6  I L r  h , n  t v n . ? y m . ,
respe.r . !e ly  lTable 1, .  A large,  t r " . r ion o l  lnF h.manv_r i '?vm. I  rvp,  upl  an)  '  rcq idues \a h i (  h  Lpcome ac.Fs" ibte
a l l F r  a 4 . o r p t i o n  i n d i , a . F d  r h a ,  m . i r F  a \ r p n q r \ p . o n t u l
narr , ina !  hanse\  wpre ra l i  ing p la,  F i "  rhF s: . ica_ad.orocd
numan, rysozl'me as conpared to the hen tysozyme

It is.also interestins to compar€ how the eilecrivequenchrng constant changes for the two iysozym€s at these
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,q, ' .ur fa,_e.  .  ThF f fu"  ptuamer" f  ref ler ,q hoh e"sr t )  iod ide
ron car  l rnd r ls  qav 1o rhF a, .Fsqib lc  r ryprophan) lpor ' l laL ion In rhe ass"c;ar io ;  b inding
cons anl .  the larse Kq,  va lLes indicat t r  rhat  j ,d ide ;o;

rFadi ty  q; lh  the r ryplo.phanylexr i ied r lare.  rhe pFner rar  ion of  iod ide io ;  ln todn op,rmdl  quFn' -h ing posi r ion i .  t j rsety " f fe . red by,heerp,1"o5Latrcreputs: \efor , rq.  be.du.F, , f  rhF.hargpd n; ture
o l  r h r s  q F n . l - e f .  t r _ s k n o w n r h a {  d  n e g a r j v e . h d r g e o n
rhe prote in wi l r  bF c i ie . r ;ve in  p.ev"nr  in t  i , ,d  de jun ' i rom
ac@qsrn"gnerghbor ingrr ] ,?rophdyl re, iouF,"r .6 Bytak jng
nF burrer  $tu{ iun as r  referen, . :Ler i .  

"n.  nures f romI aorF I  rhat  lhF abqotu le value ot  the e i iec l ivc quen.h ing
romrarr ,changc q, .  arwa),  tarse.  tor  human lyso/)o1e
r  han ,or  hm,hsozyme r i .e . .  l_V(0" ,h, ._ l> l r l {q ; . . " ,1 ; .  tnrM,.a+ ot  t ) ro/ )qF id iorpr :o1 unto h)drophobic i /ed,
Lr.naJ8ed- DD5-.i]., c. rle valup oi r(q" in.rcd..s approx' m a l F l )  1 8  l o r  h F n  " n q  m " r e  , h a ;  J  r i r n c 5  a s  m u ( hrJ,pDr^\ rmEiplv  62.  .  )  I . , r  human t lsozyme. rFspecr i \e ly .
A l r h o u g f  l h F ' | o l a l  l r a . r i , , n a l  " . , F s r i b , h r J  a n o  r h e  r o l a lFre '  r  .  ,  harse rprorF;n r  cur la.c)  in  rhe .sse of  borhororerns remarned un.hanged, i r  iJhe humanprore in lhalwas morF af .e,  rFd by rhe adsorpr iu.  onru lha DDS_s; l icaqurtace ihan _rhe hFn prorc in.  The Iafser  increa"e o i^Qa h.drn,  r .or .are5 rhar  lhe same ac(Fs. ib te t racr ion ofrJUorophorcs,rn the r$o lysuz)mes was ,norF easi t )oupnch.d n lhp r  6ee ot  rhc humd pr"re in becaure of  r  hc

In rhp, ,ase of  l ) .ozvme adsorptr"n onro unmodi i ied,
nr8al .vc l \  chargFd 5 i r ica sur taceq.  rhe in terprpra l ion o lrne e l |e . t rva quFnching consranr .hsnge becomes compr,c-€rpd by I  h€ prFsen.e , , I  negar ive chargc.  on rhe s i l icasu" ia.c  a ' ld  b)  the untnown .ompens6r ion uf  rhesenesa,  r \  e .charses bv r le  p, ,s i r ivF (  harBF,  ot  t lsozymes AnnverE dFrreasa. t  ,he Ko,  \a lue.  was presumabl)  rhersuI  or  rhe pre ipn@ ol  npea. ivFsrr r farecharsFq,whi .h
werF repeur-s rod de anions.  ra,he"  I  hdn,hc resutr  ofsome.pe": - .  

, f r ,n tormor i .nar  cha ec, , t  ad." .bcd vsozlanes.
Human l )  rorvne at  s i l : .a"ur ts ,  + qnoqed a larger  change
rn lhe. l ra, i iona ac.c.q ib i l i lvo i i r .  r lpropha' l t t  re , idu; .
. -we -qa tafgerdpcraaseof  Kq,  (b)  aopro\ imatety65. .  /r r ' i r ,  I  f  p .  rFqDp. i  ive hulGr solLrr  ion \  aruFs as .omparedq. ih han l )  -o7r  rF.  I r  i -aLokn"wnrhar  humanlysozyme
ls nore susc€ptibl€ to thennal denaturatn,n tlan ien

. It is interesting to see how the €xperimentat resutts ofr \ -oz)nF quenchinsar  rhF n odr t ied.  p.b i r ;vetJ.hafced

. '1 . .2,s-rJace rAPS-s l - .a  ru" tace)  f i l  in  rh is  . impl i t icd
mude .  .n  wr !  h  ihe adsorpr  on- i rdu,  ed ,  oni  {m; t iunal
El lFmton5 are ro be in f " r red nom ,he nuoresfe. (e
c. r l ln ,  h lns.  . , lEmFt) .  hFpo: i r iv" ty .harsedrur fa.Fnt  ApS--r l r '  a  5hould.  in  pr :n. ip le.  increase Aq" vatuFq 1, t r  borhlysozvmeq rd le .o rhe Jacl  rbal  F lecrro. rar ic  a, r racr ion
r"(es make morF iodrdc ions avar iabte tor  qu"ncnrng arl rF sLrrd,  Fr  whrte the d t fere.ce belween lhe.ontorma-
t ronar  . ra b i l i ty  o l  rha r$o pru le in"  .hould be ref lcr  Led asa.nangaor theparamprer /s .  Thep\per in entd lev idence
ror_o\era l l  larser  srabi l i lv  o i  hen tysozyme can be found
n I  isJrFs 7 and 8 and ;n Tah e L ,he Ku" \  a lucs of  bor  hr)soz\  nesappror ;maldr  douhted and.  whl le / " .h."  rernams

un.na.8ed.  rhe /3 ih rd i  ;n . rFased i ro,n / "h " , . ,  
= 0.18'ounFrqotur  un)  r , ,  lhFtdeest  t ia . t i^nat  a.cessib j l i ty found

I n  | h r .  s r u d ) .  / a , b J , , r ,  =  0 . 6 8  r A  P S - s i l i . a . u r t a . e , .  T h i s  j s
a. 'ear  Indr ,drrun lhal  human l )sozyme is  a j .o . .ntoF
matronal l )  more uns 'sble when adsorbed onru posi , ivety
charged surlaces than the hen lysozyne.
.  The rechniqua or  f luorescerce quen.h ins is  re jat i \e tys 'mpre lo  erpculF in  rhe qrud)  oI  r r re\ers ihry adsorbed

, '!l%*l?:ijt#l l;ji:rsrev' D; Heronr'rFradr' v i Andsde
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utal{r,^{)
Figure 7. Modified Stern Valmer plot for the hen egg white
lysozyme adstrbed io the APs-silica surface. The value of th€
corelaiion coefficient, fi':, iB indi.ated. For explanation ol othel

Horsle! et a]

should be supplemented by differert qu€nch€rs and
different nethods of fluorescence spectroscopy tr'or
example, the conformational change of h€n €gg-white
lysozlne adsorbed onto the chomatographic hydrophobic
silicasel hadbeen inferred fton the 8-nm red shifts ofthe
lysozyme fluorescenc€ €mission mardma.s? We have
recently used a cornbination of total internal reflection
fluorescenc€ andphase-resolvedfluorescenc€specboscopy
in the study ofsoface-induced quenching of rhodarnine
labeled bovine serun albumin at silica solution inte.fac€.33
It ;s our long range goal to apply the same t€chnique to
adsorbed proteins by usins their intrineic fluorescence.

Conclusions
Totalintemal reflection inirinsic fluorescence (TIRIF)

spectroscopy was used to study the effect of surfaces on
the conformation of irreversibly adsorbed hunan and hen
lysozyme by using the iodide fluorescence quenching
technique. three different surfaces were us€d: (a) hydro'
phobicized, uncharged DDS silica; (b) unmodified, neg-
atively charged silica; (c) positively charged APs-silica.
Thequenchingof theadsorbedlysozymefl uorescencewas
shown to he a function of both the sp€cies of lysozyme
studied (human vs hen) and the type ofsuface to which
the protein was adsorbed. A modified Stem-Volner
quenching model, which assumes accessible and inacces'
sible populations ofprotein iluorophores, was applied to
anatyze the experimert l r€sults. The change in the
fractional accessibility of fluorophores due to the adsorp-
tion was taken, in a first approximation, to represent a
measur€ of proiein conformational change. We conclude
that both lysozymes appeared to experience snalle.
denaturation ai the DDS silica surface than on the other
two sufaces. Acco.dins to the present .esulb both
lysozymes were ai leasi partially denatured upon adsorp
tion to the unmodifi€d, nesatively charged silica suface
as well as on the positively charged APS-silica suface.
Human lysozyme displayed much larger changes in the
denaturation parameters upon adsorption of the three
sufacesthan thoee for hen lysozyme, indicating that it is
less conformationaly stable at different types of intedaces
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Fisurc 8. Modified Stern Volmer pld for ihe hunan milk
lyr)zlne adsorbed to the APs{ilica surface. Thevalueofihe
corrclalionco€ffi ci€ni, A', is indicated. For€rplanationof othe.

protein laye.s. However, as discussed in ref 21 prot€in
fluorescence quenchingdata are easjly overanalyzed. The
use of modified Stem-Volmer plots is stlaightforward only
in the case in which a protein contains one fluorophore
populal.ion accessible to quencher and one toi,alb inac
cessible, as proposed by Lehrer in his derivation ofeq 2 "
The presence of the surface presents an additional level
ofcompie ty: it can specifically interactwith a quencher.
It is also hypoLheticaly possible to have a grossly d€natured
prote;n which is adsorbed at the surface in such aI
ori€ntation that all of the fluorophores are exposed toward
the surface and effectively shielded from the quencher.
The proposed simple mod€l for the analysis of confbr-
matbnal alterations of adsorbed protein from the fluo'
rescence quenching data should be, therefore, taken as a
firct app.oxination in the conformational analysis,which
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Minimizing interferences in the quantitative
multielement analysis of trace elements in

biological f luids by coupled
plasma mass spectrometry

Cnrunc-Srrruc HsruNc,r Josnln D. Arson-ton,l Rosrnr CosrA"2 and K. OwrN Asrf*

inductively

The determination o{ trace and ultlatuace elements in
biological fluids, including urine and serum, by induc-
tively corpled plasma mass spectrometry (ICP-MS) is
discussed. Nonspectral inter{erences and theil corlec-
tions by extemal calibration and calibrator addition a1e
discussed in deiail. Extemal calibration with intemal
calibration ard dilution is mostly su{{i€ient to conect
for encomrered biological matrix effects. Fol some
elements. su€h as Cs and Zn. the use oI .atibrator
addition provides more accurate results. The impofiance
of spectral intederences and ihetu elimination by iso-
tope selection was also studied. Two examples, Cu and
Z& demonstrate the pdme importance oI selecting an
isotope with midmal polyatomic interferences loi anal-
) \ is .  By u\ ing "  (u .nd ""2n,  accurate recul tc  for  ur ine
and serum can be obtained without ex.essive pretreat-
ment of samples. Two reference matetials, Bio-Rad
Lyphochek udne and Kaulson Contox sera, were ana-
lyzed. Accuracy was evaluat€d by comparison with
t{get values, and precision was estimated by the CV
within 95% confidence.

Of the body mass of hunant 9801, is madc up of nine
nonmetallic clcmcnts- Trace elements occupy just 0.012%
ol the body weight of hrmans l1l. Ho$,ever, the detelmi-
nation of tlac€ elements is indeasfigly crucial sincc thcy
play important roles in both nomal biological tunction
and toxicityf2 9/. Several of ftese elements are indispens-
able and essential for life; others and fieir conpounds are
simlrlv inet or inocuous at usual exDosure concentra-

tions, and others exhibit a high toicity even in low
conccntrations. Even €ssential €lenerts prescnt rn ioo
high concentrations may lead to deleteious effects. The
reliable monitoring of t.ace elements has become an
important furhon of many clinical, industrial, and gov-
emertal laboraiorics. Different specimens can be used
to best reflect body status. Tissue may be the b€si speci-
men but is noi easily obtained, and adequate .eference
information is not available to aid with nteryrctaiion of
the results. The use of hair is conhovcrsial since exiernal
contamination is an ever?rcscni problem. Analysis o{ the
relevant elenents in bnnogical fluidr eirher serum/
plasma, whole blood, or unne specimen, provides usetul
inJo raLion on disiurbances of metabolism that involve
metals lt0-151.

Analysis of trace elements in biological fluids dcmands
a v€$atile and reliable technique. The analytical method
llsed must be sensihve, prccisc', accurate, and relativ€ly
fast. Since dr fiGi inductively coupled plasma mass
spectrometry (ICP-MS) nrsirumentation was inhoduced
r.  o80 i ro l .  l l - r .  h)  b-d e,hr iqup h"-  be,  ome dn impo '
tani method for th€ an alysis of trace el€ments in biological
flLrids.' ICI' MS is capable of diect analysis of solution
s.mples with coveragc of most clements in the periodic
table 117l. Moreover, compared with indrctively coupled
plasma atomic emission spechometry (ICP-AES, ICP-MS
provides much lower detection limits, snnpler sPectral
int'r?rciahorr and reliable isotop;c analysis I18J. Yei,
sevcral fa.tors are still oI concem in th€ aftlysis of trace
elements in bioiogical matrices with iCP-MS. Most bnr
lo8i ,d l  f lu id-  .on.a in d '8"  numr.  . .  ' r9 . ,  r ,  cnm
pounds and inorganic salis, which can lead to spectral
and nonspechal inierferences. Spectral interferenc€ occurs
becausc typical ICP MS instruments use quaclftpoles as

" Notutdd.rd abl]Ievniioror lcl] Ms, inductiely coupled plasma mass
sl{ttun.lrrr lP, polyprupioq md r-.\t atonic absorpLion spedrcmatry
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mass onalyzers/ which limts the resolution to apploxi-
maieiy uit mass. Signals between the analyte and any
interfereni with a mass larger than the resolution ihus
camot be distinguished. Aialysis Ior somc elenents of
biological interest such as 6rsi-row trmsition metalr as
well as As and Se, are thus comprcmis€d. Nonspectral
interfcrcnce is a change of signal intensity rhai cannot be
accounted for by recognizable spechal inierferences. Th€
interference canbe due to either cnhancement orsuppres-
sion. The concentiaLion of the analyte is thus over- or

Nonspectral and sp€ctral inte erences can seriously
affect the anall'tical pe olmance of ICP-MS. To obtain
accuate rcsults for biological fluids, the i.J'luences from
both interfercnces must be investigaied and eliminaied.
Extemal calibration and calibrator addirion coupled with

tenal caliblation were used to conect for nonspectral
inierferences. Extemal calibntion is based on a set o{
extemal calibrators contaning elements of interest arld
internal calibrators in a simple acid. Success in correction
of nonspectral interfcrences depends on the effectiveress
of intemal calibmtion. Selcction of internal calibmtors can
be crucial for the accuacy and precision o{ trace element
analysis in biological fluids I19l- Calibrator addition is
performed by adding incrcasing quantities oI the e1e-
ments of lnterest to mulliple aliquots ol the sample to be
analyzed. The calibraiion set has an identical sample
mairix ard hc'nce corrects for nonspectral interlerences.
Inteml calibniion is pre{erably combined with calibraior
addiiions b conect for instrumental dift. To eliminate
specLral inierferencer a caretul selection of ihe analyte
isotope is of prime importance. By correctly selecting an
isotope with minimal interfercnces, accurate results can
be obtained wilh no icdious sample pretreahnent. Exam-
ples of isotope selection for analysis of Cr and Zn are
disossed. The {easibility of ICP-MS for direci, quaniita
iive analysjs of hace and ulhatracc clcments in biological
fluids is demonstrated by analyzn€ tuo rcfcrence mate
rialr Bio Rad Lyphochek uinc ard Kaulson Contox sera.

Materials and Melltods
REAGENTS AND CAIIBRATORS
All solutions were prepared with hacc-grade niiric acid
obtained ftom Mallinckodt Specialty Chemicals, without
further purificatiolr" and wiih reageni-grade deionized
water. Metal free polypropylene (PP) vials drd pipette
tips were used throughout without prcclcaning. Plasma
quality single-element soluiion calibraiors at 1000 mg/L
were obtained ftom Spex (certified by comparison with
NIST SRM 3124a). Stock solutions o{ intemal calibrabrs,
Be and Ca at 1000 pgll-, as well as In md Ir at 500 pgll.
were prepared with 5'/o rnuic acid. Cocktails of multiele
m e n l  c r l i b r r l o r \  |  r 0 0  f B ' l  l u , J . h , , - p r f ' s e r p p e
parcd from shsle-element solutions wiih 1ol, ntdc acid.
Sodium chloride solutions Ior the study of matrix effects
and polyatomi. interfcr€'nces for Cu were prepared by
dissolving Acs-grade sodium chloride powder from

Fisher Scientific in 1% nitdc acid. Analytical reag€ni,
grade sulforic acid was o'btained from Mallinckrodt Spe-
cialg/ Chemicals for study of polyatomic interferenccs of
Zi.

SAM?L! PREIAT,{TION
Se/rm. The prcparaiion o{ serum sp€cimens for ICP-MS
usuary rcquires a simple dilution t2aJ4l. Hawevet, a
precipiiation method $'ith dtric acid at room temperature
to precipitate proteh is prefened in our laboratory, this is
impoftant to mnlimize the occunence of permanent
blockage of the nebulizer, the tofch, and drc sampling
ofifice fesulfmg from high concenkations of proteins, as
w€ll as to reducc polyatomic ion inte eierces such as
"C''l'l on "el rhe specimen is treated with nitric acid ro
precipitate proteins and quantitatively ieleasc the trace
elements, ad then diluted with deionized water. Th€
precipitaie is removed by centritugation and rhe supema-
tani is used for analysis. Dcproteinization should bc
processed with care to prcvent the coprecipitation of trace
meials of interest wiih residues. For some elements, like
Fc., precipitation of proteins nr plasma or semm with
nitdc acid is not appropdate because of the low recovery.

Freeze-dried lyophilized sel1n metals reference mate-
ials obiained from Kaulson Lab. wcre reconstituted with
5 mL of deionized water al1d 1-mL aliqlrots placed inio
10 mL I'I'vials wiih mcial-free PP pipette tips. A11 ali-
qu^rr  here thpr  Fol '  n  unh ,ed lor  f fa ly . i . .  "c 'umwas deftosted md a 1-mL stock solution of inicnal
. .  l i b r d r o r s  i n  s ' "  r u t n .  r , r d  . J . . d J e d  f r o l F i  I  p ' , ,  p i -
tation occu ed upon the addition of intemal calibratort
owhg to the hiSh nitric acid concentration. Thc solurion
was then adjusied to 5 mL with deionizad watef and
centrituged. Th€ cl€ai srpematant was transte ed to
another PP vial though a filter for analysis.

U, t , ,  T l^F.p.o-  ea prepJrr t ion e lu i  Fd tor  mne L J
simpl€ dilufion wiih nitric acid; then the sample is ready
for analysis. The urine is the product of a sct of complex
processcs in the kidneys that removes low-molecular
mass molecules without loss of proteins. Thus, no deplo-
teinization is requiftd unless protein concentration is
high, in this case, the precipitate should be removed by

Freeze-died lyophilized lrine m€tals refemce mate
rials obtain€d from Bio-Rad were reconstituted wift
mL of deionized water and I mL aliquots placed inio
10-mL PP vials with metal free PP pipetic hps. All ali
quois were then lrozen rntil used. For analysis, unne was
delrosted at room temperaturc. After the addition of 1 mL
ot stock solution of inieinal calibrators h 5'lo nitric acid,
the solution was adjusted ro 5 mL with d€ionized water to
a final dtric acid concentration of 1%.

INSTRUM€NTATION
The nBtrument used is a Perkin-Elmer Scicx Elan 5000a
ICP-MS equipped with an AS 90 autosanpler. A cross-
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flow nebulizer, a standard Elan torch, and a Scott-type
spray chamber were uscd. Plarinum sampting and skim-
mer cones were used for all studies. solution uptake was
controled by a peristaltic pump.

To obtain opiimum signal intensity for multieL'mcnt
aialysis ai the ira.c and ult atrace concenirations, it is
necessary to coNider the optimization for the entue mass
range becausc optimum ICP MS hsirlmental parameiers
vary from element to element f2sl. Ih.'reforc, rhree ele
mcntr Mg at low mass/ Rh at mcdium mass, and Pb at
high mass, at 10 /,g/L in a calibrator from Perkin-Ehner,
were used to optimizc ICP MS instftmental pafameic$,
indudnlg e nebulizcr gas llo$' rate, ion optics voliagc,
and aerosol injecior oifice position relative to the sam-
pling cone, at 1.0kWpowcr, on a dailybasis. By using this
three element optimtaiion, general signal optimization
for multielement aulysG can be achieved. Tte insin-
ment operating parameters and the data acquisition pa
rmeters are listed in Tabl€ 1.

Results and DiscGsion
For thc derernination of trace elemcnis in biological
maieialr additional variables musi be considered. Ee
cause the mctal concentrations in the maLix arc extremely
low, calibratorc and reference maftnah/ as wcll as th€
alalytical procedure, have to meet vcry siringent fequire
mcnts. In biological sp€cimens, the matrix plays an im-
portant role. Nonspectral nrtcrference can be induced
physicaly and spechal interference can odginate ftom
chemical sources. Becausc interferences can hav€ a large
effect on th€ results, ihey need to be understood.

fable 1. ICP-MS instrument operating and data acquisition
palameterc.

Instrum.nt ope€ring paEmeteE
Induclve y coupled plasna

R.f. power 1.0 kW
Gas fow rates Plasma: 12 L/min

Aux ary: 1.2 L/m n
Nebu izer: optimized for 10 stL ?'Mg,

I 
1o3Rh' 2o3Pb

sample lptake rate 1.0 mllm n

NONSPNCTRAI, INTTRFERENC€S
Nonspectral interferences h ICP-MS refer to analyte sig-
nal intensity changes whc're the change camot be ac-
counted for by a recogni4able spectral overlap. lte ana-
lyre - :gnal  r r l "1\ .h ,hnBe.dn be e i .her  a -uppre. . ior
f26,27l or an enhancemenr t27 321. The causes of non-
spectral intederences or so-called matdx effects are due to
the pr€sence of mainx conponents. The magnitudc of ihe
mahii effects dcpends on the mass and iontation energy
of ihe matrix elements. It has been reported that the
higher dre mass of dr mahix element th€ larger ihc
matdx effecis f29-32l. Howevea high mass matix ele-
ments are rare in biological fluids. For ionization dcpen,
dence, Oiivares and Houk I28i found that rhe trend of
matrix effects was in the order of most easily iornzed
mat.ix element, i.e., Na (s.319)>Mg (7.646)>I (10.4s1)>Br
01.814)>Cl (13.618), where the firci ionizatior enerSy in
eV is noied in pareniheses. In contrast, bidoSical speci
mens coniain relatively large concentrations of easily
ionized mairix eiem€nis, such as Na, K, Ca, and Mg,
whdr nakes analysis of these samples difficult. Such
matri\ effects need to be elimirlated io obiain accurate
results. Erors associated with matdx-induced signalvad
ation can be correcied by means of m appropriale cali
bration method. rfhe merits o{ extenal calibration with
intenal calibration and sample dilutioa and the alterna,
tive sLlaiegy of calibraior addition in correction for matri\
effects were compared.

IXIIRNAL CALIBR, T'ION
There are several approaches to overcome matrix efie.ts
i33,34J. The most widely used calibration method is by a
s€t of ext€mal calibrators containing elemerts of interest
and intenal calibrators in a simple acid. Scveral calibrator
solutions are needed io covcr rhe range of expected
anallte concentrations. The success of external calibration
to corect for matri\ effects depends on the effechveness
of intemal calibrahon and dilution of sampl€'.

INI'ERNAL CAi-IBRATION
The calibraiion or conection of onc element by using a
second as a reference point has been used in a vadeiy of
analytical atomic spccLrometry and is temed "intcmal
calibration." Ar element with a known conccniration is
add€d to all soluhons, inchrding th€ blar*, calibrators,
and unknowru. The analyie sjgnal is then nomalized to
the signal of the intcmal calibr.ior. The effectivencss of an
intemal calibrabr requires that its behavior a.curarely
rellects that of ihe elements of iniercst to be measured.
Selection of an internal calibiabr is of great importance.
Ideally, an intelnal calibrator should undergo the idenii-
cal matrix suppression or enhancement as that of the
analyte element. However, marrix induced analyte siSnal
changes afe not uniJorm for all elements, bui depend on
the mass of the elcmeni f21,3t 361. As a consequcnce, a
dose maich of the mass number beiween tle anal'1e and
intcmal calibrator is o{ pdme importance to effectively

Aerosol inlector orilice Optimrzed for 10 ptL 2.M9, rorRtr,
position 2GPb

ron ers voltages Optimized for 10 fglL 24M9,
lo3Rhj2o:Pb

3

180 s
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corect for matdx effects. Fig. 1 shows the effectiveness of
the intemal calibntion in NaCl solutions as a function of
NaCl concentration. The Ge signal (line B) is suppressed
by NaCl. AJier normalization to the close-mass interlal
calibrator TrGa signal, fie zce signal (line A) is then
independellt of NaC concentration a]1d comparable with
$e signal in a solution without NaC1. The mahix effect
can fius be e{fectively con€cted by using a suitable
iniemal calibrator with a mass closc to that of the analyte
elemeni. However, ii is obvious that one internal calibra
tor caimot be used for a[ elements, since the matrix
induced signal variation is mass dependent. Several nr-
iemal calibratorc shodd be used over the entue mass
range. Yet using a large number of intemal calibrators
does not necessadly guarantee more accurate anar)tical
pedomance. Too many intemal calibntors (e.g., 10) may
result in a pmctical problem oi selecting intemal calibfa-
tors and higher erors 1371. In g€neEl thee or fou
elements as iniemal calibraiors are considercd to be
adequate for ihe multielement analysis 12i,34 36,3&.191.
However, one intemal calibrator still covers a group of
dalyte elenents, even ihough fou intcmal calibrators
are used for Lhe multielement analysis. It is impossiblc io
accuraiely conect for all .llements of interest in that group
by one intemal calibmtor. In additior! even an elemcnt
with similar chemical and physical propertics md similar
atomic mass may behave in a dilferent way in certain
matrices f34, 40./. Therefore, some procedure must be used
to improve the deficiency of intemal calibration.

DILUIION OI SAMPLT
Specimen dilution is necessary for ICP MS a]:Ialysis of
biological samples because large amolrnts of proteins arld
salts cm cause d irrcvc$ible reduction of ihe malytc
signal intensity due to clogging o{ the nebulizer, iorch,
samplin& alxd skinmer odfices. One solution is to dilute
biological samples with a soivent b€fore injection. In

additio& dilution can also reduce matrir effe.is while the
sample is being measured, since matrix effects are depen-
deni on ihe absoluie amounl ot matrix element rather
Lrlan fte relative conaentration of matrix io analyte
t32,331.

Besides preventing clogging and reducing rhe matrix
ef:fecL dilution is also necessary to improve the accuncy
of intemal calibration. Fig. 2 illustrates the effectiveness of
intemal calibrahon as a tunction of NaCI concentfations.
The Se signal (Line B) was ldgely suppressed by NaCl.
Normatizing to the Tica intenal calibrator, fie 3'?Sa signal
(line A) is still influenced by NaCl concenhations but the
effectiveness o{ the intemal .alibration is enlafteo wnen
NaCl concentrations are decreased. The effecaveness or
intemal calibration .d be improved by dilution-

CAII}RATOR ADDITION
Calibrator addition is pedormed by adding increasing
qumhiics of the elements of inierest to multiple aliquots
of ihe sample to be lmlyzed. The calibration set therefore
consisis of several supplemented samples plus an un-
supplemented original sample, all of which have an
identical matrix. Matrix effed is conected for alxd highly
accurate and precise data cm bc produced. Internal
calibration is also included to corect for instrrmental

From a prartical viewpoinL extemal calibrahon with
internal calibration and dilution is most attractive for
rournr applicaiion since it is less time consuming and
results in less introduction o{ matrix materials into the
insrrument than the other calibration methods. However,
ihe use of calibrator addihon provides a way ro evaluate
the accuracy of €xtemal calibraiion and is sometimes
necessary to compensate for ihe imufi.iency of cxicmal
calibration. Extemal calibration is shown to be adequai€
io correct for encountered blological matrix effects for
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Fig 1 Effectiveness of an iniernal calbrator to coiiect for signal
suppression caused by various NaCl concert€Uons: A, signalratio for
the analtte 72Ge to the lrternalcalibEtor 71Ga and B, signallorthe

NaCl concentration (g/Ll

Fig. 2. Effectiveness of an lnternal calibrator to corEct lor signal
suppression .aused byvarious NaClconcentrations: A, signa Etio for
the anayte 32Se to the irternalcalibEtor 71ca and B, siCna for the
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most elements. (Data are discussed later.) Yel external
calibration was inadequate for some elements, such as Cs
dJId 1n.  Tor  ( .  re recLr ' | l  oot ,  n ld fo referen.p L inP
lev€ls I and II toom extemal calibration, with In as ihe
intemal calibrator, are only 67.32% and 68.65% of ihose
from calibraior additions, probably due to the large mass
di{{erence bctween133Cs and rr5ln. Howevet insufticient
co ection for 63Zn via exte.nal calibration $'as also ob-
serve4 even with ihe dose mass intcmal calibrator 71Ca.

The rcsu1ts for both urine and serum refercnce materials
(daia shown in Tables 4 and 5) ftom €xternal calibration
were located in the very low .'nd of acceptable ranges and
ihe recovedes $rere poorer than those fron ..librator
addilion. On the other hand, a better agreement between
calibrator addiriom and target values was found. The
iNuficient correciions for Zn are probably caused by the
discrcpancy of the first ionization potenrial bcts'een the
analyic ad the internal calibrator: Zn (9.394 eV) a1d Ga
(5.99 eV)- Even after {ive{old dilutior! intemal calibration
h F .h ' l  n"r i . .  t i \e  f . -  r \ .  ,une\hun of  lhe n r r r  rung
signal suppression. Calibrator adclition is ihus an im
provement over extemal calibration for those elenlenrs

SPICTT'AL INTARIERENC€S
Spcctral inte erences can be a major limita hon sin.e mosr
ICP-MS units ar€ equippcd with a quadrupole mass
analyzer ihat limits rhe resolution to approximately unit
mass. Thcrefore, ions aith itu same nominal mass as the
analyic, resulfing from singly charged ions, dotbli'
charged ions, and polyaiomic ions, cairnot be r.solved
IJolyatomic interferences, rcsult g ho combinaiion of
prccursorsin the Ar plasma, enhained ahnospheric gases,
reagents/ or biological matdces, are more problematic
Elcments >82 amu are essentially free of Polyatomic
interfcrcnces and suitablc for ICP-MS analysis, but ele
ments between 40 and 82 amu can be comPromised by
rhese interferences. Accurate analytical rcsults require
thar spechal int€#eren.es bc identified and ihen avoided

CI{OICT Oi THE ISOTO?B
The polyatomic inte erences cil be avoided in differ.'nt
ways t24,33,311. A simple way is to caretully select an
isotope for amlysis fre€ ftom significmi inteferences. An
accurate md precise result can ihus be obtained. To
eliminate ihe intelferences effectively, ihe encountered
polyatomic ions must be idenrified md ihe extent of these
inte erences musi be assessed. Since it is impossible to
address all polyaiomic intederences to! every element ot
intcrest, only Cu and Zn are discussed to illusrrate that the
correct choice of the availablc ealyte isotope is of Prime
imporimce to obtain an accuratc result and minimize thc

DETERMINATION OI CU
Cu has two stable isoiopes:63C11 (69.09%) and 65Cu

(30.917r. The determination of Cu is complicated because
of polyatomic ion intede.ences from Na at mass 63
(rel3Na) as ivell as{romCa and S atmass 65 (a$Car6OH,
4c^17o, 33sro6o 3'sr6o,'o,3333s), wkre Na, Ca, and
S are abundant in biological t'luids. Table 2 shows thc
rcsults of Cu analysis on uine and serum rercrcnce
materials with masses 63 dd 65 under external calibra-
iion and calibrator addition. For Bio Rad Lyphochek
unne levels I and II, the results lrnder both calibrations
and hisioica y establjshed values by the lormer method
of ARLrt i{ith 63Cu were hiSher fian the target values.
6rCu signals were largely influerc€d by the sPectral
overlap of "oAf3Na since the Cu concentraiion in ihis
sampla is low. On the oiher hand, the deierminations
made ai mass 65 showed exc€'llert a$eemenr. The poly-
atomic ions at mass 65, from S or Ca, do not resuli in
signficant inicrferences. For Ka ulson Contox s€rum levels
I md lI, because ihc scNm Cu concentrahon range is high
ihc signal at mass 63 is not as susceptible io 4oAr11Na

interfercnce. However, thc results by dcu unds calibra
br additions are still ioo l1igh. Again the dekmnlaflon
madc at mass 65 agreed well with the iarget values
Therefore, ive can conclude that the iCP MS Cu mefiod

Tabie 2. Results of Cu analysis in BicRad Lyphochek u ne and Kaulson Contox serum.

€sou Elternal ca bration

63cu Extena calibfaton

4!.74 ! 6.65

62.12 ! 2.23
66.51 :r 2.64

s7.86 i  5 .51
5a.o7 1 6.44

4 1 . 2 4 1 3 . 5 5

974.6 i 64.1
1040.3 1 33.6

1052.5136.0

1393.7 ! !72.4

1494.4 I 4.5

"concenlrations obtained rrv e i t e m a lc a lb r a t io i and caibEloradd Dwrhn 95% conrdence (n 3)
D conc€nirauons obbined bv enernalca ibrat on aM ca ibrator addition are prcsenl€d n means l sDwlrrn 95% conndence in - 2)
' cu ren iARuFsne lhodunde renemeca ib ra t i onw thY in te rna .aL l l r r a l o rand l c fodd lu t i on
dHistoica ARI-IP s meifrod under externe ca ibralion wi$ Y interna DaLllrrator and lclo d d lution
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based on the isotope 65 is suitable for dalysis of urine
and senrm and avoids tle major intcrfcrcncc.

DETERMiNATION O! ZN
211 has five stable isotopcs:@zn (48.89%),6"2n (27.81"/.),
"'zn (4.1't't"), 63zn (1s.s6%), and 70zn (0.62%). Difierent
Zn isotopes, including 62n 1361, 66Zn t2A,22 24, 36, 411,
and '*Zn 1211, have becn attempied for Zn determination
in fte biologi.al nuids.

Thc dctcrminaiion ofZn in body fluids can be compli-
cated by the differeni degrees of S-containing interfer
ences on the Zn isoropes (Tablc 3) /211. Fig.3 gives the
apparent concenirarion of Zn at masses 64 66, 67, and 68
as a tunction o{ sulfuric acid conccntrahons. The appa.ent
Zn concentrations at masses 64 66, and 67 increase
linearly with the sulfuic acid conccniraiion. The S con
taining polyaiomic ions interfcrc ai mass 64 and to a lesser
extent at masses 66 and 67. Only mass 68 shows 1'ro
interf€mce duc io S- S containing polyatomic ions at
mass 68 were not detected. This means deremnnadon of
Zn wiih masses 64 66, and 67 may be compromised by S
interferen er and mass 68 is more suitable for analysis.
The agreemeni bctwcen the target values and th€ results
for urine md serum reference materials with '*Zn is
illustraied in Table 4 and Table 5. The results obtain€d by

Table 3. S{ontaining potential polyatomic Interferences for
the determinatlon of Zn.

zn isotope Abundance, %
6azn 4a.a9

external calibntion are in poorer agieement with the
target values than.alibraior addition because of the
occu ences of Datrix suppression. However, the results
indicat€ that63Znis generally suitabl€ folbody fluids. The
use of 6321 for routine clinica I analysis is reconmended io
completely eliminatc the interferences from I leading to
falsely higher rcsulis with &Zn and 662n.

A|IAI-YSIS OI !'RINT AND STRUI4 REiIRENCT MATERIAIS
Table 4 and Table 5 su]1rrErize the results of multiele-
m€nt analysis obiaincd on a reconstituted solution of thc
Bio-Rad Lyphochek urine and Kaulson Coniox scnm
reference maiedals, respectively. For a[ reference materi
als, both extenEl calibraiion and calibraior addiiion wcre
applied for analysis. Four internal calibrators were used
for multielement coverage: "ne for low masses; 71Ca tor
first tra$ition meials as well as for As, Se, Rb, and Srj
r15ln for medium masses; and r'3lr for high masses. tn
consideratjon of balancing the requir.'ment ofhigh sensi-
tivity for ultratrace concenhations and reduction of ma-
tdx effects, a fivefold dilution was applied- The isotopes
mcasured and intemal calibrators used are given rogeiher
with the analytical results wiih 95% confidence limits.
For uinc., each result is based on thee sample aliquots,
malyzed with three rcpeats, for a total of nnre measure
ments- The refl ts are compared with the rarget valrcs
verified by atomic absorytion spectromehy (AAS). For
serum, each lesult is bascd on iwo sample ali$iots,
analyzed wift thcc repeats, for a total of six measue
ments. The results ac compared with the target values
referenced by AAS.

In ur e, for cighr irace elements (Ar C4 Co, Cu, Mn,
Ni Pb, Sb) ihe results obtained from both calibration
mcihods are in good agre€ment wiih targcivalues. For Zn
the results obtained Irom calibrator addition are in better
agreement wiih the iarget values than extemal calibra-
tion- For A1 thc reslrlts are at ihe lower end of certiJicd
acceptable rmges. For Se the resdts ar€ higher fian thc
accePtable target ranges, except 1eve1 II with calibntor
addition. Howevea in compadson wilh the valucs, level l:
76.50 a 5.51 pgll, and 1evel II:229.25 L 16.56 pBlL
obtd ied bv ARUL Tn u l - i .h 'he methodology \^ds rer i -
fied by interlaboraiory correlation with certiJied A-AS
methods 142, the agreement is excellent. For Tl thc rcsulis
are lower ihan the acceptable target ranges but n good
agleement with ARU?'S l.alues (level I: 8.38 1 0.52 &g/L,
levelll:167.43 a 6.95 agl]-). For seven other elemenrs (Bi
Cs, Mo, Rb Sn, Sr, w) no data are available for the

1n sen]m, the resulis obtaincd for level II a$eed with
the target values, cxccpr for Mn under extemal calibra-
tion. The resulis obiained for level I agreed with the iargct
values, except for Ni and Bi. For Ni the results w.yc
lngher than thc targer value, which is probably because
ihe signal ai mass 60 is susceptible to the +Ca16O inter-
ference at low concentration. For Bi the conccnrauor wds
lower than the detection lilnit.

Pory.tonic ions
32s ' 60 ' 60

3.s16o160r 33s16o16oH j 32s16013

34sr6o$ollj 32s16ofoH
36s16o16oj 34slcofo

32s36sj 32s36Ar

34s36sj 34s36Ar

27.41

4.tt
14.56

0.62

3 z o

10b

o 50 100 150 200
H,SOa concentration {mM)

Fg,3, ApparentZn concenlration at masses 64,66.67, and 6a as a
lunction ol H2SO4 conceniration.
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Table 4. Multielement analysis of BicRad Lyphochek udne Level I and Level ll.

6a
5.5
4.2

tT.9
49

643

56

5 4€1
4.4-6.6
3.4-a

t4.3 2r.4
39 59

5t5 TT2
51 TT

5.3 8

16.2 24.3

I 13.6
10.4 16.2

a3 125
19.1-28.6
9,a-t4.7

26.7-40.L
57-TT

837 1256
130 195
130 194

59.18
5.16

19,24
4I .73

547.09
6T.49
76.67

610.60
190.64
51.44
4.95
0.63

19.42
2.30
0.33
7.-19

12.t4
0.59

43.45
22.4a
10.90
35.33
57.44

164 a6
214.49
624.43
190.43
52.06
9.54
0.43

75.24
2.37
0.33

157.69
59.94
0.62

2.91

o.6a

6.66
27.Al
s.91
6.Aa

44.46
31.r4
3.45
0.56
4.21
2.42

4.12
1 3 3
0.91
0.19

3.98

5.aa
62.24

16.40
70.13
27.75
4.27
L .L2
0.34

11.27
o.56
0.10

14.15
3.75
4.12

55.05
5.14

19.58
43.10

654.58
63.64
73.44

660.79
:175.66
45.57
6.47
o.61

18.42

0.31
4.51

13.09
0.62

TT.21
22.24
10.60
35.3!
5a 07

ta l .42
655.04
174.42

11.74

64.94
3.36
0.30

166.94
60.49
0.65

7.17
o.24
o.L4
2.O2
5.64

35.02
7.49

12.34
34.34

5.14
2.41
0.47

2.06
0.18

0.23
4.75
a.1T

3.90
2.93
0.58

6.44
54.54

ta.9T
23.67

7.57
1.46
o.93
o.2T

o.09
0.04
4.20
6.93
4.27

6.7

2lJ.3

11.3
13.5

23.4
t2.2
33.4

163
162

\2,4

T9. t

272
63

5

25
16
5

9
7

16
T

L L
33
L 2
31
3T
IT
T

31

5
19
10
6

10

a
11
15
a

12

15

32
12

6
2A

2
5

10

5
72
17
6
3
5

17
5

3
6

2T

5
13
5
5

122
5
9

10

a

3
25
5

71
42

70.2 75.3

169 254
50 75

'sD within s5%coufidedcc ir.rs (n 3).

PRECISION
lrccision is evaluated by d1e CV of rhe repetitiv€ analvsis
of reference urine and scNm undcr cxtcmal calibratioll
and calibrator additions. Each resuli is thc avcragc ol
lev€ls I and ll and coresponds to 95% confidencc limits.
for ud-Le most ofthe elenents in calib.ator addition have
a conparable and higher precision than extenral calibra-
tion. For eidrer calibration method, elements i{ith ultra
tracc concertrations (<1 pgll,) have poor€r precision.
Elements a.iih conccnLraLions >1 pglL have better preci-

sion. The nnprecision in the collecied data is significantly
smaller than th€ uncertainties of the tarset values. For
senrm, the precision fol both calibration methods is
comparable. Thc usc of calibrator addition does not
pa iolarly cnhancc prccisnD ovcr cxicnal calibrahon.
For elcmcnts Sn and Pb prccisidr is poorcr, cspccialy nr
, . . . r  t  . , \ u , d t . . t h . ' , . r )  t . , " . u r r . , r r  r a r i , , ' , .

h conclusion, ICP MS is a practical, versaijle method for
th€ determination of manv trac€ a]Id ultratrace elements
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Table 5. Multielem€nt analysis of Kaulson Contox serum Level I and L€vel ll.

t t2aa d . )

""Zr

15 '

5o

5
1000
780

2

100
t7o

20

L70
6

a

0.5

a
2

3
150
120

t

2

a

15
2a

6
2A,7

14.90

49.05
2.53

11.44
974.6
590.9

0.96
1.91
L

37.2L

114.66
207.46

0 9 6
lT .95

!393.7
1504.5

3 .17

5.70
0 5 4

2.23
68.1
33.7
7.42
7.12

o L 2

25.41
10.53
o 3 2

LT2.8
92.2
2.64
1.51
2.33

22.16
5.07

33.05
24.80
72.4Q
6.13

65.43

47.42

9.96

45.23
2.65
0.71

12.74
1040.3
674.3

1.03
1.74

3T.aa

14219
193.72

0.90
19.43

1490.0
7T9A.2

3.34
5.92

0.76
o.24
3.59

36.3
3a.o
1.44
1.46

3.aa

24.59
421

37.7

1 6 8
0.60
1.50

5.15
28.59
33.47
24.09
3.36
5.61

143.07
107.04

o.2 l

10.33

10.14
12.96
23.94
23.26
2.13
3.32

41.14
L T . 7 9
25.31

14.90

11.62
21.36
19.1a
14.75
6.94
a.T1

106 15

0.31

" sD tlrin e5vJ confden.e imls 1n = 2l

in thc chical laboratory. However, no$pectral and spec-
tral interferences need b be iaken into considcration id
the anarysis of ele ents in bioLogical matrices. !!ith
intemal calibraiors of close mass, intemal calibration is
ablc to cffectivel) conect for encoultered nonspectral
intcrfcrcnccs, however, spechen dilution is still neces
sary io improvc thc cffcctivcncss of internal calibrafior
With four internal calibiators (B€', Ca, Ir! Ir) across ihc
entire mass range and fivefold specim€n dilurion, exlernal
calibration is able to accurately measure a vadety of trace
and ultraLracc clements in udne md serum, with th€
exception of soDlc clcmcnts (c.9., Cs, Zn) thathave a larg€
discrcpancy in atomic mass ald ionizalion energy with
ihat of the intenal calibrator. Calibrator adclition pro
vidcs an alternative medrd to compensate for th€ hsuf
ficienc,v of cxtcrnal calibrahon and yiclds rrore accurate
and precise r€sults in certain cises. Speciral intcricrcnces
can be elmhated by a simple approach of selecting the
isoiope (ith mnnmal teiferences. Wiih props andlyti
cal processcs, ICP-MS is generally suitable for dle routiie
multielcmcnt analysis of body fluids.
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Electrical conductivity and electron spin
resonance studies of pyrolysed polyimide

C. Z. Hu, K. L. Devries and J, D. Andrade
Depaftm-ent-of Matetial Science and Engineering, Unfuersity of Lltah, Satt Lake City,Utah 84112. UsA
(Beceived 20 August t9e6: accepted t7 October t9A6)

Rccenr ' rudies o"pur) m<r'  bd\ed p\ ror)  r(  amorphou._.drbon ror u\r  In ortdnrc erecrroryre-r,rhium ba.enerJnd a5 meral iuped car bon ere.rode'  rhos cnni,derabre prom,se. por\  inrde cdn be rhemdrb (onverLed rouorphous oarboD filns. rhe irevereible evorurron oi porym,a. tinae; p-";;;;;;'il;i ;;;.", ,"characrerized by threcsuccssive slructurar chanss: pyrotyi".l*oont-rro, i,ai."O-;idi",. iliji+"_,contact corduc[vit] dnd elecrron spir resoranie
"r*..i"a -,a,",i"irv J""e",;t,;i;;;i,"J".1:..-;;lH;ilffl:i;:::',it::"T,Xlfj'lij,:i"j:f
f \  r o r r . . .  r e n f o  d r u , (  r .  b < 0 { ' h ( p ) r o t \ \ c d p o t ) i m i d e F a n u n m e , c . , r c d m o r p h * . " , . 1 . i r * " , p - " , , " g

il:r:t"r..."*3il:riffu-ff;fj":{ii}3fif'*"{iji:,1i::"f,:?r?,:nr,:.:*",1;H:in:rr'si,,::
(x€yeords:.otrduclivity; €tatron spi. re$mncei pyrotysed potyimide)

INTRODUCTION
The malor means of making conducting porymers nasDeen D, ra'roLr.  l reatmenl,  qhich changc lhe In.ulalng
nalure ol  rhc pol\mer ro a .emiconducro. 

"r  
co"duc,"r

Conductingpolymers hdve been achieved in three distinct$dj,s.  The f i r i  melhoo Iur increasjntslhe(, ,nducriv i tyol
por).mers N thrurg} inco-porurron oi macro<.uprc prrr.e.nr conducrrng muler iats.  such a. meral f la lcs or rarnon
black partic ulalcs, into host polymers to iormconducting
composrtes,. The second method of producing
conductrng potymers is by neans of chemjcal dopjng,
clerr .ochemical 

"earmenl.  etc.  I  he r$o p. l lme,\  ot  thr.
r ln( th, ,  havi  been 5ludred mo.l  e\ ten.rvelv In l fe ptrsl.eve,al  yca|s a,e pot\a(erytcne anJ oot ldiace.yleni ' . .
i  ne, lnrrd methou ot mating i  conductrng Dot lmer 15 blmodrry,nB-thi  rnrr jnsr.  bul I  ornpen,e, ot  pot lmer, b!plro/)s, \  l ( (  entt \  rrrdies hate rho$ n drdnrc chantse, inelectronrc properries of som€ aromatic base polymers

atter pyrolysiss.6.
The main reasons for selecring polyimide for theplrorysF sor| \  are. ta) potyimrde i .  a!" j tabte In pta,r i (.heer. ,  f ibfe dnd solu'ron lurms. Atmo,r anv desired shafc

or por)rmrde'an be achie\ed h) the.e l l . ree forms t_or
examplevery thin polyimide can be obrajned by rhespin_
ca.t ing r( .hnique dnd p rerned pol)rm,ue cdn oeoL' ldrned by phorni i lhographic rechnique\ rbj  Thcpyrolysrs process of making polyimjde conducrive issrmpre and rnexpensrve, unlike mosi other rnethods ofproducing 'onJJ(t ing potymers uhich equirc compte,,
raborr lory cqurpmenr and st i i t .  r rr  By ron| 'o ing rhepyrolsr.  cL'ndr,rons. rhe pot l imidc condLcri ! , r)  fan bemade to range irom l0 5totorScm ' .Thiswiderange
of,rond!.r i \ l re,  $arran(.  funher .rud1 "f  plrolysia
ndryrmrde a\ d tJghl $eighr maler ial  ior uniquc (ond,rctor
or semiconducto. appUcation. (d) polyimide makes anInterci t in_g model compound lbFludyrng dmorphou,
carDnn. l \ roly\c!  pol l rmidc is an amurphou, rurbon

/ . q 0 " . . . l | b o n c o n l e n D a n o . ' n . c i r  c l n  b e  D r r p a r e a  b )  avdrlet)  ol  erperimenlat n hrd, rr  N a goodiandidarcior
nuo)rng lhe . t foprf l ie, , , t  amorptrous ca-bon. (eJ},)rol) .ed nobimrde hasg.crr puLenr,r t  tor rpplnarion.'n carbor elecrrodes, biomedicar deyic;s, lowtemperaru.e heating el!,ments. patternable conoucror
crrcuury,_eteclromagnetic shielding. radialion and gas
deteclo.sa3

EXPERIMENTAL

.,  Ihe 'n"re ul  inr( \r igdrud in rhi .  \ rud, $as Kuplon' r r m . , d p D l ' c J  h )  D u p o i l .  i n , h e c t  t , , r m  { U t j m mthickncssj. Prerul Kapton {ilms were sandwrchcil
t rel{eer lo qurf l /  phre. tu prevenl thc KiplL,n f i ,11

d u r j n g  p ) , o t ) r . .  T h r  K a p l o n  f i t m ,  $ ( . <py.orysed rn an argon atmosphere at variousremperarLres rnd l imer.  I  hc r(sul trng p\rutr .ed
pol) imide $as a f lar biack f i lm wirh redrr. iC t tcrrbrtrr l
and a melallic Iusrre

C ondu( tiDit t medsuremen^
Th( elecr (al  .unducri \ i ry ot n)fot \sed Kapr, .n ua,m e a ( u r e d  b )  "  t o u r - p o i n r  ( o n r d c r  m e l h , , d ' ,  d n d , h e

med!Jfemrnr , , [  temperarur i  denendcn..e . i  th<r o n o u e t r \ r t !  q a ,  d ( h i e ! e d  { i r h  a  D t S p L t  X  \ o r n p , e s , o l

E.s.r. uhtorplbn neasurme ts
Pyrolysed Kapton films produced by various pyrorysrs

:: id l l . " '  . , . f .  Erou d undc, . t  n,r .osen a,mo,fhere.
ano Ine-re\ut l . rng posder $aq loaoed jnro e.s r  .amnte
rLDe..  lhc lubes sere rhen held Unde, racuum for jcnours pnor to e.s.r. oeasu.ement. The e.s.r.measuremenls were made wnh a Varian Modcl E_l ESR
spsrtrometer 'n which th€ resulting speltra were fimt

0032 186l,'8r/0,1066:l o5got o0
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Elecvical conductivity and electron spin lesonance studies

derivatiles of absorplion vs. applied magnetic fi€ld. The
iree radical concenlration of each pyrolysed Kapto[
sample was obtained by double inlegrarion of these
spectra and comprrison with a standard pitch sample
(supplied by Varian) as described in ref. 10

RESULTS AND DISCUSSION
The room temperaiure conductivity ofpyrolysed Kapton
asa lunctjon ofpyfoiysjs temperatureis gjv€n in aicrr€ /.
For pyrolysis lcmperatures abovc 700'C. conducri!i1y
gradually incrcased to 10 ': S cnr r up ro a temperaturc
of approximately 800'C. This was follo$ed by a rarhcr
abrupt incfcase in conductivity as rhe pyrolysjs
temperalu.e was increa\ed from 800 to 850"c, ifom
approximaiely 3.5 1() 20Scm '. For lemperatures
greater than 850'C. conducliviry again slorvil, increased
with increasing pyrolysis temperaiure. Samples held a! a
pyrolysis temperature for I hour (line B 1n Fiqure l)
exhibiied similaf behaviour for conductivity vs. pyrolysis

00 a

20

LQ3

800 900
Pyroys s temp€roture (oC)

i o ,

Q 2700

of pytolysed polyimide: C. Z. Hu e\ at.

Fisure 2 Tenperature
Kapton p)rolysed lh a(

depend.nc. oi condudlllry r.^r\ T i ior

To

\.

oo2 003 004 oo5 o06

Table I Tenperaturc-l.dependent.onducrrvrr oi!!rotysed Krplon

ao

; ^ ^

€4 0

PyroLysis t€mperotur€ (oC)
l.igurr I lal Co.dudirnl f?a!i tlrotrsis rcDlJdrllure ior Kapton.
rrrc A: sample cooled immediuleN aficr rclchrns lhc dcstrud
hterature and line B sampleheldat desncd lenperarurefof t h (bl
(.nductrrny, rr!d p!rolyshrenpe.aI!retor t<rpron. Lins^: r s!mpre
cooled imnedi!rely alref rer.hlng rhe desircd rftrpernlure and lrne Al
lamplc held ar delred tcmpefuture for I h

6 5 4  P O I Y M F R  1 q R 7  \ / ^ l  ? n  A n r l  / a ^ n f . r . n r a  i c s , ' a \

0 2 i

' I=Toial .onductnitl
" Il.C. ='1.npeft ture-ind.pendenr conduclrvrlt,

tempcraiure wilh a similar srep increase in conducrility
tion1 24 to 83 S cm I as the pyrolysis rempc,alure Nas
increased from 800 to 850'C. These conduciivit)
expeflmenis indicate that rhe polyimjde changes from an
'nsulaior lo a seniconductor ar pyrolysis temperatLrres of
the order of 700'C {>10 ,Scm L)and to a.meral ic.
conduclor at pyrolysis remperatur€s higher ihan 900.C
( -  I  0 '  S cm' ) .  The step change in conducri ! i ty between
800'C and 850'C suggcsts the prcsence ot a ihermaly
act'vated proccss $hich fesults in the formarion ofdense
l ' e ( r . , . J c l i c  c .  h . . n  - i n g  r e t k o r k r  I n  r h e  o o t J m e r .

l h e  I n \ e 1 e  t ( m p e r n r u  e  d e p e n d e n c e  o .  r r (  e l e c  r r l
. o ' d r . . !  r i  l . , r / i \ r  |  / . o l  r h ( p o l , r r r i d ( f \ ' . , r \ . r u  I
/ r  r o ) r o i ) c r .  t e m p e r d l L f e ) -  - 0 0  C ,  6 0 , )  {  q 0 0  !  i ,
shown in Fialre L The plots oi conduclivity ,r's
temperature in Firrr? 2 exhibit iemperalure-independenr
conductivirv al low remperatures. The ampljrude ot thjs
tempefature-independent conductivity is dependenr on
rne pyrorysrs temperature is shown in Table L The
temperatxrc-rndependent conduclivity was subrracted
from the original temperarure dependent conducrivity
dJ'"  f . r  eac\ n)rol) .ed \upror ."mpte. Ptor.  of  tog
i o n d u c t r \ r r \  \ s .  I  u : ' .  

" i r c r  . u b t r a L L r n g  r h e
tempcralure-independeni !onducrivity. are shown in
Fialr. -1. Thc tolal conducrivity of thc I,y.orlseopolyimide at larious pyfolysis temperarures can bc
. luiel l  app'o\ imJted h) dn equr|on ot rhc lofm

lt - Eh) + l)lr): Fhn) + p, expl-(ro/r)l a]
where ll0n) is the temperalure-independent conducii!ity
and l ,  expl (To, r) 'a]  is rhe remperaruredenendenl
conducl iv i ty.  Thls is cons;stcnt witb Morts \ar iable-
range hopping mechanisn'r .

1 0 0 c . l h
NI)o C. I ll l l  t t

9 t 1

700

t02

800 900

b
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r(K, /4
Figre 3 Tenpe.ature-depe.dcnr l]ait of the conductivii] r.^,r
I '1* for Kapron pyrolysed at 700, 8Cu and 9(tC

Th€ €xistence of a temperature- independent
conductivity ai low temperature is thoughi io involve an
ir i  e\  ersible diso.der- induced nonmerar meral rron! ron.
The Cohen Jortner Transition model (CJT) for such ,t
transition has been proposed for amorphous carbont'1.ln
contrast to tbe Anderson Morl Transitionlr, the cJT
mod€l explains inhomogeneous malerial conductiviry-
Pyrolysed pclyimide is considered 1() bc a type of
amorphous carbon. According 1o this model differ€nt
structure changes of pyrolysed polyimide are consid€red
1() occur during thre€ pyrolysis temperarure dependent
regions: pyrolysaiion at temperatures less than 700"C,
carbonization at temperatures between 700'C and
I800"C, and graphirjzaiion al temperatures greater than
i800'Cra. The microscopic inhomogeneities of pyrolysed
polyimide are caused by growing heteiocyclic cafbon
rings within the amorphous carbon matnx a! pyrolysis
temperaiures higher than ?00'C. These structural
inhomogeneities also cause inhomogeneilies m the
electronic structure. From an electdc conduction poinr of
view, the pyrolysed pollimide has metallic domarns rn a
normelallic amorphous carbon mcdium. Th€se metallic
domains are th€ result oi locai development of
heterocyclic carbon rings which form graphitelike dense
heterocycliclcarbon ring networks with strong r-(nbital

The conductivily experiments cl€arly demonstrate that
the pyrolysed polyimide is converred ro a high eleclrical
conducior by pyrolysis. At low pyrolysis temperatures the
pyrolysed polyimideisin an amorphous stateand eleclric
conduction is due to variable-rarge hopping. A1
temperatures higher than 700'C, the pyrolysed polyimjdc
is in a heterogeneous state with rwo conducting paths:
one is a metallic chann€l with extended elcctronic states
ior which the conductiviry has no temperature
depcndeDce, and the other is a disordered system where
lhe electron condudion is by a vadable-range hopping

Electron spin resonance spectroscopy was used to
prob€ the 'break up' of the polymer structure throrgh
th€rmal degradation (scission) of covalent bonds. The
resulting spectra had no fine structure to identify the

- rpnt rcsudncc sruotes ot pytutyseu Potfrnt

location ofthe unpaired electrons. It is not certain ifthese
unpaired spins (hereafter referred to as free radicals or
sprns)are associated with specific organic lree radicals or'perhaps on isolated very small clusters ol amorphous
ca.bon. Th€, value ofrh€ spectra was very near the 'free
electron' value of 2 consisrent with organic free radicals.

Thc time dependence olthe e.s.r. spin concenlration for
Kapton pyrolysed at 550'C is shown il lit\urc 4. The
coffesponding weight loss is also shown in aigrr€ 4. The
initial e.s.r. spin concentration was abour 6 x l0r3 spins/
gran. The maximurn spin concentrarion reacned
9.8 x 10'3 spins/gran after 50min pyfolysis. after which it
slarted to decrease and became flat at a spin
concentration near 6 x 10r 3 spins/gram after rbree hours
pyrolysis. The sample heat rrealed at 550'C sho\ys that
lhe e.p.r. spin concentration increases wiih pyrolysis time
and reaches a maximum aft€r 50min of heating. Most
polyimidc weight loss also occurs du.ing the first 40min
ofthe heating period. with only a slight change in weighr
observed beyond 10min. During ihis lime hydrogen.
carbon monoxide and carbon dioxide are given ofi as the
result ofcieavage ofpolyimide funcrional groups and C
H bonds. simulianeoLrsly creating reaclive p-radicals.
Once .cacljve p-radicals arecrear€d. ioltowed by a limired
polycondensarion of the aromalic dngs rhrough rhe
reactive p-radical. stabie u-radicals are formedla. The
process of forming stable r-radicals is described by
Lewls'5. Aher the spin concentration reaches a
maxrmum, al about 50min pyrolysis, a drastic decreas€ of
spin concentration is obseNed which finally levels off
after about 120min- This diminishing of the spin
concenlrationis thought to arisefrom a pairing ofrhelree
radicals during the py.olysis process. At 550.C rhe
reorganizaiion of scissioned aromalic rings through free
radical pairing is limited byrhis low remperarurewilh rhe
result that only isolared or semi isolated condensed
aromalic rings are fo.med. The mare.ial in this siage is
sl i l l  an insulator (>10 6Scm ')and no conduct iv iry
can be detected a1 this pyrolysis lemperatur€.

A comparison between the time depcndence oflhe e.s.r.
spin concentration and four,point contact conductivity
for Kapton pyrolysed ar 650'C is shown in F ruej. The
e.s.r. spln concentratron vs. time curve €xhibils an iniiial
spin conc€nkation ofabout 5.3 r 1013 spinsj/gram, wirh a
dislinct drop of spin concenrration to n€arly 1.6x t0'3

t0 '

::
; ^-r

I
I

to

20o
Pyroys  s  rhe  (minu les)

Fisur€4 Tinedependenceofe.s r spincon.ent.aLion (l)and p€rce.t
weisht loss (!)for Kapton pyrolyscd at 550'C lor dillerenl periods of
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e

spins/gram after 20min lregion I), followed by a sradual
decrease to t .3xl0'"  spins/gram af ier, lomin heat ing
(region I I ) ,  and subsequent ly decreasing {o 2.3x l0 '5
spins/gram (region IIII. The conducti!i1y ofrhe pyrolysed
Kapton sample was 9 x l0 3Scm 'af ter20min heat ing
and reached a plateau value of l .2x l0 rscm I fo.
heating periods gr€atcr than 60nlin. For polyimide
pyrolysed ar 650'C ihe spin concentraiion did noi
increas€ nor was significanl weighl loss det€cted. The
samples for the 650'C e.s.r. time dep€ndent
measurem€nts were prepared by heating the polyimide
from room temperature to 650'C at a consrani heating
rute of 10"C/min. Aftcr thc polyimide sample reached the
dcsired tcmpcraturc il was maintained al thal
temperaturcfor thcdcsired time.and !hencooled 1() room
tempefature. During this heating process when the
rcmperature only cxccedcd 550"C slighlu,lhe polyimide
started to djssociate reaching near complction ai
temperatures above 600'C. At this time the ffee radicals
had already been created and then paired during the
hcaling stage from 550'C to 650 C oi the pyfolysahon
Lrcarmcnl. Thc spin conccn!.ation vs. lime curve ol
Kapton pyrolysed at 650"C can be divided inlo lhrec
regions as followsr (I) A step dccrcasc of spin
concentration within 20min pyrolysis timc associated
with the radical pairing process. (II) A very gradual
decrease in spin concentrarion observed in the 20 io
zl0min heating period. The flat region corresponds io the
change in conductivily of pyfolyscd Kaplon lrom
insulator to semiconductor (conduclivity gfcater than
l0 aScm r). It is hypothesized that this is the fesult of
the semi-isolated of isolared heterocyclic carbon fings
gradually m€rging into a coDtinuous nctwofk of dcDsc
h€terocyclic carbon rings with thc developmcnt ol
increasiDgly eflective n-orbital ovcrlap'6. In ofder to
initiate the development of dense and continuously
heterocyclic carbon ring networks, the pyrolysis
tcmperature ol polyimidc should bc no less than 600"C.
This is a thermrlly {ctivatcd process. (III)A stcp decrease
oi spin concentr.tlion is observed aftcr a 40rnin healing
f . r i . d  T t c J i m i n i . h  n g o t r \ r t r c <  " J i c u l . o n . . n r " r i u nm this stage is causcd by lhc growth ol hclcrocyclic
oarbon rings, followed by sufjcient developm€nt oi n-
orbital overlap to induco a changc in the eleclronic
slruclure ofthe malerial irom insulator to scmi-metallic.

666 POLYMER, 1987, Vol 28, Apri l  (conference issue)

Experimentally, electron spin resonance of conduction
eleclrons has b€en obs€rved in only a small number of
metalsla'3. This is very likely due to the fact that in many
metah the €lectronic resonance iine width (which is
inversely propo(ional to the spin-lattice relaxatron trme
Tr )is so large that the signal is unobservable. Theretbrea
possjble reason for the observed decrease in spin
concenlration, in the present sludy, may be that the
mobility of those fr€e radicals, which exist in the
beterocyclic carbon ring networks, gradually rncreases
and becones nore and more like conducting el€ctrons in
metals. Ifthis hypothesis can be accept€d, the inctease of
mobility of ihose free radicah will caus€ the spinlattice
relaxation time Tr todecrease. The result of this structDral
change is lha! lbe e.s.r. absorption intensity and the
measurable free radicai conc€ntration decreases. Because
the pyrolysis temp€rature is insignificantly high, only a
porlion of th€ isolated heterocyclic carbon rings in the
samplc can iurlher recombine inlo dens€ heterocyclic
carbon ring nerworks and only those regions will be
converted from insulator ro semi-metallic. Free radicals
in those semi-metallic regions a.c undetected by e.s.r.
spectroscopy. By comparing the degree ofdecreasing free
radical concenrradon and the ircfease of conductiviiy
between the 550'C and 650'C samples. it js concluded
tha! thc size ol lbis heierocyclic carbon ring network is
dctcrmrned by the pyrolysis tenperature and time. The
rule olrhumb is the higher the pyrolysis temperature and
Ionger the time the larger ihe heterocyclic carbon ring

The pyrolysis temperature dep€nd€nce of the e.s.r.
absorption measurement is shown in l;arr" 6. A piot oi
fuli widlh half maximum (FtlHM) of the e.s.r. peak vs.
pyrolysis rempefature is shown in F;glre / (in afbitrary
units). The FrytlM was increased from 8.5 to I ] 9 Gauss
with a pyrolysis lemperalurc changc f.om 550 C 1o
650'C. Ftgrfe 6 illust.ales the c.s.r. absorptron
measufement of Kapton as a function of diferent
pyrolysis temperatures along with the corr€sponding
weight loss- The spin concentration iniiially increased
l r u r r  r . b  I n  q  r "  r  1 r ) \ m u m  ^  q 4  l 0 r ' . n r n , g r a m
(corresponding to py(tysis tcmpcraturc increase irom
550'C to 600'C) followed by a rapid decfease to

9

!)
2 t

I

0 2 0 4 0 6 0
Pyrorys s rlme (minuies)

Fisure 5 Tine depmdcncc of c.s.r. spin
condu.rivily for kaplon pyrolysed at 650'C iot
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Electtical conductivity and electrcn spin resonance studies ol pytolysed polyimide: C. Z. Hu et al.

CONCLT]SIONS
l \ f  r c n r n e - ] | , r f e  J e F n J c n .  c n n d L L L i \ i r r  r ' r {  i T . r r '
suggest that pyfolysed polyimide from lo$ lemperature
pyrolrsis l less ihan 700'Cl contains homogcneous

. rmorphous carbon consistent $,ith the Mott variablc
fargc hoppilrg mechanism. At !€mperatures higher lhan
700'C. mctal l ic conduct iv l ty anscs ( temperature-
lndepcndcnr conducLivi ly l ,  due to th€ inhomogeneity ol
lhe pyrolyscd pol],inridc. I1 is proposed thal this metallic
conduct iv iL) is due to the fofmation ol  graphrlel ikc
meiallic domains wlth exiended clcctronic stalcs that
increase wirh p)rolysis t .mperalure. Thc totr l
conducrivity of pyfolysed polyimide is equal to the
cond ucll,ri ty contribLrled b) nret^llic conduction. which is
independen! ol temperature, p(rr). plus lhe tempefalurc-
dependent conduclivit), conlrjbuted by lhe non-Inelallic
amorphous cafboD mcdium. rll), which obeys the Mor!
\J .role-fdnge f  . tnr.P cJndL.t ion mcrlJ.1i 'm.

The fr€c rrdicals created during polymer scNsron can
be in\en g"red o) e.c r .  Th€fc Ie t l ' r (e maior pr, t i*e.
occurring dLlring high tenpefat ure heai treatmenl. Atlow
pyrolysis temperature {less than 600"C). srable 'I-radicals
arecreated by thermal degfadation ofpolymer chams. Al
pyrolysis tempe.atures higher than 600"C, but less rhan
700"C. ftee radicals created by themal scission oi
polyimide chains are paired with each other and lbrm
larger heierocyclic carbon rings. Finally, at pyrolysrs
r e r r p e r r l L n \  h r g h e r  r h " n  o i o  a .  d e d e i s e  i n  e  ' . r .
signals observed associated with a corresponding increasc
in conductivity suggesting th.tt the formatiolt of
conduclion electrons duriDg carbonization lcads 1o
formatioD of continuous delsc lele.ocyclic carbon .ing
networks wirh sufficient n-orbital olcrlap 1o result in a
disappearance of thc e-s.r. signal.
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9.5x10r5 spins/gram al a pyrolysis iemperature ol
700'C. Th€ corresponding weight loss slowly jncreased
from 20io 37.4 9./o. Most polyimide weight loss also occurs
dudng the temperature change trom 550'C to 650'C wilh
only a srnall change in weighl obscrved beyond 40min.
The e.s.r. absorption curve of KaptoD al temperatures
below 700"C shows a Curie doublel type spectfum. A
gradlral increase ol spin conccnlration at temperatures
between 550'C and 600'C is malched by the slfong
dissociation of lhe polyimide. The free radicals generated
during this period of srrong dissociation are still Limited to
isolated individual aromatic carbon rings. At pyrolysrs
iemperatures between 600'C and 700'C. the Kapton
sample is in lransilion between the two different
processes. At temperatures jusi higher lhan 600"c,
conrinuous thermal dissociation (which croales the liee
radical) and limited belerocyclic carbon ring
condensation (with iree radical pairing) are possible.
Apparenrly, in this tenperature range the latief process
dominales and the spin concentration ol the pyrolysed
Kapton gradually decreases as the pyrolysis temperature
increases. As thc pyrolysis temperatufe is further
increased, the thermal degradation and lree radical
pairing processcontinuously decreases. Evcnluaily, both
processes will become insignificant a! t€mperatures
higher than some critical temperature 4 (4 is between
600'C and 700"C). with tcmperaiures above this crilical
temperalure, the carbonization process becomes
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a cortinuousdense heterocyclic carbon ring network and
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m€tallic regions. Conductivity at 700"C approaches
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disappearance of the e.s.r. absorption spectra and an
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rclaxalion time I, and a cofrcsponding e.s.r. pcak wldth
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bfoadencd e.s.r. peak width resulting in a dtsappearance
ofthe €.s.r. signrl. The increasing €.s.r. peak widih riefstls
pyrolysis temperalurc probably jmplies a gradual
increase in semi-metallic regions.

Mou.  N f  P [n .  Mdd 1969,  19 ,835
(ohcn,  M l l .  and  Jonne! .J . l r j i .  Rr f  & t r .  1971.30 .699
Mort N F unn Davis. E. A -Elc.k.nic Pfoceses in NoD-
.ry$.llinc Solida. Oxlord tr.ircsily Pr6s. Oxford, 1972
Walker, P. L. rnd Thtu{er. P A Chenrislr} and Physics ol
C.rbon-. vol lr. Mar.cl Dekker. Nes York. l98l
Le* is . l  C  adrbd,  1980.  18 .  191
Bruck  S.  D to lp r . r  1965.6 .  : l l 9
Singcr. L. S Proc. 51h Crrbon C,)nr. V.l 2. Pcrgrmon New

1 1
12
I ]

I t

1 7
Yor l .  1961.  P  l7

l3 Winrer. .r 'Mrgnelic Rcsonlnce in Mctuls. O{lord lrniversil}
Press .  l9?1 .  P . l5 l

POLYMER, 1987, Vol 28, Apri l  (Conference issue) 667



.,1t.-

E
*

>
:

5
5

'6 6'
3

E

6
!

9
F

'!a 
&

€
!

3
;

i
 s

c
 F

 E
3

^f 
:-.;8 i

E
-. i 5.E

 !
F

E
 €s; I

-=
1

 
Ji.P

 
:l

E
E

!;{:;
;$.q 3sl :
:*i 

i3
i ;

9
€

l ;c: !
-E

 ry< €.*i 
i

€
Ii 

q
R

-
E

 i

5:! !:E
 €

:i; :!l i
5

:E
 !I!i f

!;E
slE

:tt
1

1
i;-:l=

^:
...s

j.^
.d

.



i5e6a

o
!

|lla
A

7
,

z 4.:

o
t irt:'

=
-i

d
?;6

6

s
 6

€

.2
44

6
E

8
n

3
S

c
j

j

.]zFzzht.lb?F
(un@

 ,(11suaq
(srN

rpc) AltsN
:IrN

l :I [v13u

:;gE:ii 
it:tFiEs€ 

{Ei! iEilsEE 
Eii Ei

Seii;i?*ii:{iiii:,iinfu 
,;i:;ifi ?tf,E ct

;;685e;H
€sliielt! 
ifig3; iig;igi; ?€gt * Eii=

siiEiEEia[i€ai?iii 
iEi€ii 

EiEliAli 
E iii, ' ?iii

iiiai€iliillilliii:siiiiiiiiiitiiiliFii

FIh



E,a:t

lc F
g

E
:

h
I ::
t 

e
z

=
;

E
'?

eE

pg
-]P

 
f

I 
-*j

-J! Ee
z

i
e

 u
.s

-tx >
 i

| 
=

!
lt 

;*e

;iiiiggifgE?

;fs*$iff

iiiiiiisgigil
iiiiiiiiiFi€il

lttsN
lul{t :t^uvl:rJ



E ffffE;EgliEg€
+ 3s; H€ifF?f$, 

i
ii€g3s$iErE;tii

,$ $ $E
iiiH

€igiii#
; I 

E
 i::ieE

 iE
 h! 5 E;

[€ 4 €E
E

,ifiE
c{islt

6
: 

5
 E

T
s

E
:;:e

g
ti:E

a" tr E€ii$i€tjg!gE
- 

* :[!.1
1

"*iB
.s$

X
€

;rs{iEeffeiiiie

l;liilsliiiiiii
i ifiEElEi€3iie€i
Ei?iigiiE€i?E-E?I

tffii$Ee€?aitilg

!JSN
:U

X| S^lrr|;g

lltslG
lll{r :l uruE



;,ie?ii€i
ili ; ui€i€ic
'ii er ,;riffii
F

; ;l ;:gE
ti?

i{ te fig?;;$

sIf;H.fl$E5-$etE

^
i

c
!

,
;

i6
=

 6

e
 *

5

d
l

E

^,2
i6 -:t

8oi

€
E

A
A

a
Bt

%
 uaSo{lN

R8i6

8
@

R
trxO

%
 uoql8c

r
8

r
8



=
*;:rfi; ii$

E
*i5

a
r{tiE

E
iE

' 
.i ,i

:jjitjiE
 #E

isi:iilfj;:€a 
i 

u: ;i= 
j

l ii$iiti gie;ffgE€ff;iiii- 
g ii ,j i ;i. ,; ;,

F €E
€ 

isi : 2 a; t;iE
 :€ F g;€ii;+ 

I ;= is ;; : :i: i: t;
E

 f;5r€A
i. 

;;!iii;e'e;E
:iE

;,? 
:i j,S

: 
ii ; iii=€i 

j!
c ;5iiiiii 'iiiigj;iiii;ii;tj 

!; 'ii!,ii ri #iff:i:
; i;F;1gii 

€l:;E
::3c:-:*€iE

r: 
i: :;!i;? 

ta,'tt;;;:':
; E

 i *:: F r 
t -= sir€€ 

itE
iilE

;i :: ;i:;:;r;1:11;:::;li
::5rrrt; ;gli!!:,!;:i;ir:: :: 

i-ii::':,::i.:::ril

:i;:1i: ; E
;:+e;E

; 
E

 ee E=oz":ie1:E
'E

iE
 

!iiei$t*E
,;$ 
;E

! :r
$::EsaE 

!E+:sE;:iE:: 
Eg?iiEC

lS:+ 
grE!€!;EEi 

;aie:
iBi3;s€ 

€€Ei?r:iij+E 
aE€iiiii;E€ 

:ffiifit€F 
;ii;;

i;ii!::,!iE
:=eir=ue: 

E
; s€c 

Li ll=:iE
 ;i=,zaZi;tA

. 
i;,ii;

!tiFt:cEri;;:iFEE;?i 
iAEE€:E::*! 

i:E;H
itE?ii;Ele;

* ii;si:ii* 
Eti*r?i+a€iEiiiiiii 

t;iiifiiiitiiii 
i

F.'s 
e H E E e zpa._: 

r !i i : f € l! i i: ; aj E; E E E e: ; ; e E gii i E ; g; ; ;
E ; t ;€i t : t ? i i i * is : iltE r l g;; :; i E€ 

: iEr i a?i ;ii t i ;;,,
: lE3:Eit 

E eti I F€:igE{ 
E Ag 

; : eii; i;aii i itsii+giinii 
5

= iil€: i; !, ai g: t i I ii il ie : a; li €? 
gi ai' : ! gE 

E E € i gE; 
E : F



1. INTRODUCTTON

Blood compatibilily of carbon surfaces has Fcelved
muclr attendon in the past several yearsll,2l. The
surface properlies and structures of ditferclt kin.ts
ofcarbon surfaces need io be studled in more derail
i! ordcr to understand how rhe surface carbon atoms
r-rera. r  $, rh L '  o l ! r1 dnd 1nu rhe \ur ldce SrJphi r i -
slructdre and irs clectrical condrcriviti, affect lhe n-
teractior process, Most nnPortant is to learn how
ue c.  n rudi r \  rhe \un!- r  lo  ge r \e bc. r  q lood

There are different kinds of carbon natenahr
glassycarbon, nade fron high lemperatufc Polyner

roll,sisj diamondlike carbon. Itrade from ion-bean
deposirion or plasma dcposidon of gascous bydro
carbonsi and anorphous carbon. nade byirradiating
gfaphite substrates. Thc surface strcrure of glasy
carbon produced by high temperatnre polyinide
pyroLysis sas studied by our lab and the results are

Pyrolytic carbon was prcduced by heat lreaiment
of Kapton@ polyimide sheet material, supplied by
DuPont. The polyimide tas pyrolyzcd in an argon
atmosphcre at 2100'C lor t h Previous X rav .nd
Ranan studies show that plrolyzed polyilnideforms
netallic graphitelil<e donains in an amo4rhous caF
bon matix[31.

ln order 10 nndenland the surface sructure of
pyrolyzed polyimide, X ray photoelectron speciros
copy was used ro delermine suilace composit'o.s,
and scannins runnelins miqoscopy (STM) was used
to search for surface graphjtic structure. The STM
technique has been used to imagc ihe surface struc'
ture oi nany seniconduclos and conductorsl4,5l
and also has been used ro inage orsanic molccules
adsorbed on larious substratesl6,7]. STM imases or
sonre amino acids adsorbed onto freshly peelcd
gaphite subslrates wefc also studied in our lab and
will be pxbLished later.

1.1 Basic priac,les af STM
When thernetal tip is {ithin a fcw Angstr6ns fron

aconducror or semiconductor surface, ard utrdcr ihe

SURFACE STRUCTURE OF PYROLYZED POLYIMIDE

proper bias voltage, electrons are at,le to tunneL
through the gap between the sanple surface and the
metal rip dxe to a possible overlapping of electron
wave functions (i.e., the tunnel effect[s]). The tu.
nel curent ./, is cxponentially related to the gap
dF,a,cc Jnd r l - (  d .eratse bdn:er  heigt r  ( i .e . .
/o  ( \p  \ -  /10 l ) .  t r \e-e A r l rn t )2 m) : .  + is
l h e  r \ e a g e  h . r ' e r  h e g h . .  r r o .  r .  r L r e  - o a o  d L -
tancelg].It seems tbat carbon sudaces areinsensiiive
to sudacc hydrocarbon conranination since good
\  |  Nl  r r . ' ts(s  of  !  "p l l r< dre rour :nel )  o l -  J i r  ed i  r
the daill check of the STM instrunent. Therefore.
it is appropriate io usc the STMto study the suiface
structure of pyrolyzcd polyimide in air.

2, EXPtrRIMtrNlAI-

2.1 Xrq, photuele.toi spectroscopy
4'4tur!J (xPs)

XPS is asurface sensitive spectioscopy. It provides
clcmcntrl composition and chemical states of caibo.
surfaccs within a 30-A depth range. The XPS anal
vsiswas done on a Hewletr-Pdckard 59508 Electron
Spccrometer. using an AlK. nonochiomatic X rav

2.2 ii&nnins tunvliilg mi(ras<:.tpf anallsis (STI\I)
Thc STMused in this study is a lube-scanner'iype

STM provided by Tunnelins Microscope Co., Menlo
Park, California. The senerrl design and construc-
tion has been describedl1o]. The STM was operated
Ir  t l rc  con.rdnt  nLiEhr modeI l l ] .  where ,hr  r ip  "cJr '
at such high speed that the electronic feedback syv
tem cannot follow the atomicteatrues on the sample
surface but maintains ar average distance liom rhe
surface. Due to the exponential relationship berween
tunneling current and gap distance. and under the
proper bias voltage, the varialion of the tunneling
current gives information on the sanple topograph).

3. RESUf,TS AND DTSCUSSION

Tbe XPS carbon 1s spectra of polyimide and hea!
treaied polyimidearc shownin Fig. 1. Polyimide h:s

C. Z. H!r. L. FENG. and J D ANDRADE
DcFrtnent oI Malcrials Science and Engineedng- Univcrsity ofUlah, Salt l-akc Citv

Utab 84112, U.S.,A.

(Re..t.,l 5 Jad.) 1988: d..qtel 1,8 Jdhua1 1988)
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Fig. 1. XPS nar(ow scan specra ofcarbon L Deaks tro6
Kapton Polrlnide. (a) Raw nlterial. 6) neai heared ,r

arcon atnosPhere at 21006c.

three carbon peaks at bindingenergies 288.4.286.0,
and 284.6 eV The peak at 284.6 eI/ represents the
carbon 'n lhe rro'nalic n rgj. rl.e pedk Jr 28D 0 e\
repres€nt C O- and C-N-rype bonding. and rhe peaK
ar 288.4 e\  repre\enr \  dre c-  O \pe b.narDsl '21.
I  he hedt- l re i red pol \ imide shos.  onlJ  rhe gr : rphi r ,c
type carbon b peak ar 28,1.6 evU3l. The elenentat
analysis of heat rreared polyimide shows 98Zd car-
bon, 27, oxygen, and no nifrogen. Since only 2%
o\)8e1 can be derecred $: rhrn a J0_A deplh t rom
the \u. fdce.  lhe hear r reareo pol ) i rn ide,ur ldce i .
basicaUy a carbon snrfac€.

Large-sule STM images of the heat rreaied
polyimid€ surtace are sinilar to that of heat-rreated
pitch[14]. The surface nainty consists of large afeas
ot rough and featureiess amorphous regions, and
between these, small planar regions are found. The
size"of these planar regions are in the range of 30 to
60 A. A rep.esenrative large scale STM inage of
heat-treated poiyimide is shown in Fig. 2. In rDrs
figure, a planar region can be seen in ihe lower cen-
ter of the piclure and it has an r I dimension of
roughly 40 A x 35 A. We betieve the ptanar regions
to be graphite or graphite like resions as descrioeq, previouslylls]. A represenrative STM imase of the
graphrre suuclare or  rhe p ldnar  regionj  r . . t -own in
Fis. 3. In this figure, a reguiar Eraphite layer can be
seen rn the €nter area. The brigh! spots are tne
cdrbon Jrom. rhal  d i recr l \  o \ ( r  J l  cd 'bor  r lon.  in
he under iy inB la\er .  Ihe dar t  sDol \  -epre\e-r  car-

bon atom, wirh no rounteTdn r  Ine uae"r \ ing
lJ \er l4 l .  BJ comp.nng a ,^erch ot  r l .e  grdpnire un,r
cel i  :n  I ig .  , i  q i r  r  rhe sT\4 grdohire rmage i r  t ig .
3, the ceniered hexagonat arny ofcarbon atoms are
well observed and the two dimensionat unit cells of
graphite can be constncred by either two rows of
bnght spot carbon atoms or two rows of dart spol
carbon atoms. Also in Fig. 3, less regular areas ap-
pear in the upper left po.rion ofthe picture. These
nregular regions are assumed to be the bounda.)

f i b  2  t d  g e ^ . J ( , " f p r o \  r ,  e t J  n n A  0 0  4 J 5 t Mrmage ul heql I ca eJ polyrmde A ptana|ee.on rnd!co,ed l -varo$h(dd,F\r ,  ounorJ br  r ; rsF d ro ie"r r iere, .
re8ions.

between the graphite liyer (ordered rcsion) ard rhe
amorphous mat[{ (disordered region). previous
conduct j \ rn a l r  e lec l ro l  sp in resoldrce \ tudies
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Sponsored research from a NSF Foundation/Whitaker
Foundation initiative on cost-reducing technologies
brought together faculty from engineering, medicine,
and social sciences to link economic and policy as-

sessments to engineering design. The technology under devel-
opment is to be an inexpensive, easy-to-use monitor for
self-management of metabolic diseases by patients, with spe-
cific application to phenylketonuria (PKU). While the tech-
nology remains in development, the experience, including
discussions with others in the Whitaker and National Science
foundations’ program, raised interesting issues about eco-
nomics, policy, and cost-reducing technologies.

The project’s initial focus and purpose, of enhancing cost-
consciousness in healthcare technology, evolved to consider
opportunities of the information age and changing expecta-
tions of patients’ roles in their own healthcare management.
Technology development is an iterative experience that, when
thus understood, 1) is benefited by economic and policy anal-
ysis that is incremental and integrated rather than definitive
and independent, 2) has more cost-reducing potential as mar-
ket incentives change, 3) can be efficiently improved by a
stronger base of accessible information, and 4) has potentially
important roles for patients in using, facilitating, and shaping
future technology.

Two additional thoughts concern presumptions of policy
and economic analyses. First, in assessing policies and poli-
tics on the basis of the distribution of benefits and costs,
avoid presumptions that politics are zero-sum confronta-
tions. Second, in assessing economic markets by the ways
healthcare fails to meet presumptions of classical economic
theory, consider not just the present market but future
changes and supplements.

Learning Through Incremental
and Integrated Analysis
While the purpose of this multidisciplinary project concerned
the influence of economics and policy upon technology, the
work soon surfaced the reversed linkages: the influence of
technology upon economics and policy, particularly by the ef-
fects of technology that increases the role of patients in select-
ing and managing their care. Exploring, with clinicians and
families, the economics of PKU suggested that inexpensive
and easy-to-use monitors could change treatment. Monitoring

could be far more frequent (even several times per day rather
than once per month), would provide more reliable measures
(for example, reducing the temptation to relax compliance
with dietary guidelines between tests), and give instant feed-
back (rather than the days or weeks for present testing) to
more clearly relate body chemistry to behavior (eating and ex-
ercise). This would increase the family’s understanding of the
condition and its treatment and the family’s ability, approach,
and motivation for managing it. It also could change treat-
ments by providing new insights among clinicians and more
powerful tools for researchers.

The potential evolution in treatment and family responsi-
bility reinforced an initial presumption that was made in this
project that economic and policy assessments should not be
made as one-time studies that, while sophisticated and thor-
ough, are expensive in dollars and time and can provide infor-
mation that is too late to assist technology development. Like
the technology development itself, economic and market im-
pact assessments seem most helpful as a succession of in-
creasingly sophisticated and targeted analyses, achieving a
progressive precision as technology is developed and inte-
grated into practice. This allows an earlier connection with the
technology development, enabling the assessments and the
technology development to guide each other as they progress.
Besides making sense, this is consistent with studies of inno-
vation [1], [2], which find that innovative technology develop-
ment is aided by having connections within a project
development group between technical, commercial, and regu-
latory personnel.

Understanding healthcare and other technology markets
includes an understanding that the markets sometimes don’t
just exist—they are altered and sometimes created by the
technology. The common direction of development is for a
technology to go looking for a use, rather than for a need go-
ing looking for a new technology. Innovation tends to be
“technology-push” rather than “demand-pull” [3].

For all the above reasons, economic and policy assess-
ments are better used in technology development as ways of
thinking rather than as hard decision rules. They often offer
incomplete answers to questions such as whether the market
will support a developing technology, in our case a blood
phenylalanine monitor, whose development had not yet deter-
mined whether the technology would develop into a
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stand-alone monitor or as a platform technology that will be
applied to and supported by the treatment of a number of con-
ditions. But as ways of thinking, they are important in identi-
fying and understanding other important questions. Thus, in
the case of phenylalanine monitors for PKU, questions raised
included how benefits would be distributed among patients as
well as among suppliers of medical services and technology.
Also, how effectively would the market monetize benefits?
Such questions lead the assessments and the technology de-
velopment to explore ways to better design a product or to a
broader agenda about how to improve incentives by restruc-
turing the market. Does, or can, the monitor reduce, or in-
crease, the costs of physician support? Is, or could, quality of
life be monetized by the market?

Technology, Costs, and Incentives
The presumption of the NSF/Whitaker initiative, that
technologies including devices can be cost saving, was not
that technology alone could reduce the growth in health-
care expenditures. At the heart of the motivation behind
the initiative was the growing consensus that technology de-
velopment was a cost-driver in the healthcare system as cur-
rently configured, and as the market for healthcare is being
revolutionized, the development of cost-saving technologies
may lag behind the emerging incentives to adopt such tech-
nologies. So the initiative’s limited expectation was that
cost-saving technologies can make significant differences in
the future expenditures for healthcare. But this limited ex-
pectation still faced cynicism and perhaps even opposition
from some observers of, and participants in, biotechnology
who engaged in the discussions held as part of the initiative.
The cynicism came because of the role technology has
played in the escalation of healthcare expenditures. There
may have been another concern, or even opposition, that a
focus upon cost savings might jeopardize future high-cost,
but ultimately worthwhile, advances.

The disagreements too often built upon failures to clarify
terminology of purpose: was the project seeking technolo-
gies a) that individually reduce costs of treating (or prevent-
ing) an instance of a particular condition, even though the
availability of the new technology may increase total health-
care costs by being used to treat conditions that otherwise
would be untreated or less effectively treated; b) that individ-
ually reduces costs even when considering all uses of this
particular technology; or c) that collectively, with all other
new technologies, reduces the total cost of healthcare?
Some, especially among the skeptics, considered anything
short of the third (collective savings) a failure but worried

that such an outcome itself would constitute failure because
it could be accomplished only by damaging the market for
new technologies that, like the preponderant new technolo-
gies of the 20th century, provided treatments that increased
the costs of healthcare and may or may not have passed a
cost-effectiveness test.

Skeptics also presented arguments based upon inadequa-
cies of the market. Cost savings may more likely be found in
technologies with early expenditures for future savings, as in
the case of preventive treatments. But, skeptics point out, the
market undervalues the long-term because of corporate quar-
terly reports and provider reluctance to make changes in pro-
cedures; the market fails to monetize quality of life for
patients and their families; benefits may not be recouped by
units that incur cost; and market forces, as configured, may be
inadequate to support development of treatments for rare con-
ditions (such as PKU), even when they offer promise of reduc-
ing costs for the individual patient.

Some technologies escape these market barriers, such as im-
munizations and fluoridation. They may, as in immunizations,
mean government or foundation subsidies of development,
moving primary support from the for-profit to the public or
not-for-profit sectors. Or they may, as in fluoridation, mean
public assumption of operating costs. They also may mean, as
they have in both of these cases, public programs of regulation
and/or distribution to assure appropriate usage.

In other cases, various circumstances or means allow these
barriers to be hurdled. As healthcare costs become concen-
trated among a few payers (for example, federal and state gov-
ernments), the full societal benefits of cost-reducing
technologies are more fully recognized, increasing the incen-
tives and means to finance and apply such technologies. Im-
proved information also reduces the limits of healthcare
markets. Outcome and expenditure data help understand cost
implications of new technologies. Prevalence data, of condi-
tions and treatments, help predict the market and determine fi-
nancing for proposed technologies.

Information Is Efficient Support
Opportunities to connect technology development with eco-
nomic and policy assessments are enhanced by two aspects of
information-age technology. The first is the expansion of data
from healthcare payers/providers and of tools of medical in-
formatics. The second is the exploding possibilities of greater
patient participation, especially through the Internet.

The first of these includes aggregation and use of clinical
and administrative data. It addresses a major limitation of
healthcare markets: lack of information, for example, for as-
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sessing effectiveness and cost-effectiveness of treatments and
technology. Information systems, joining clinical data to as-
sess effectiveness and administrative data to assess cost-effec-
tiveness, promise both problems and benefits. If developed for
managing the costs, and not also regularly employed to moni-
tor quality, such quality will be particularly susceptible to
compromise. If more carefully developed, they can be cost-re-
ducing and quality-improving technology themselves and, ad-
ditionally, provide data to target and assess new technology.
Developing and providing access to these data are means to
stimulate and support technology development. If these are
considered as government subsidies, they have potential ad-
vantages of 1) neutrality, 2) openness, 3) ease of administra-
tion, 4) a narrower range of uncertainty, 5) shorter product
development time, and 6) provider and consumer education
(for rational treatment and product demand).

The importance of data is a theme that quickly developed
during the project. Risk limits investments, of time or money,
in technology development. Risk may be reduced by public
investments, including investments in information, in loan
guarantees, or in direct subsidies (of grants or tax prefer-
ences). Of the three, information does the least to distort, and
the most to promote, natural market forces. Finally, by in-
creasing understanding of care and outcomes, it offers guid-
ance in designing the technology.

In this project, we found that economic assessments of
healthcare technologies are made easier, more complete, and
more accurate by the growing collections of patient care and
outcome data. These collections include the federal data for
Medicare, the states’ data for Medicaid, the federal assem-
blage of Medicaid data for a number of states, the claims of
the private carriers, and the procedures and billing records of
large providers. Because this project concerned a rare condi-
tion whose management is particularly important in infants
and children, the Medicaid data and the data of large providers
(e.g., Kaiser/ Permanente) offered particular value.

The potential advantage of these data sets, however, was
limited by the difficulty of gaining access to them. The expen-
ditures of time and money experienced in seeking access were
beyond that affordable without the support of a foundation
grant. The problem of gaining access to the data appeared to
be problems of economics, not privacy. Particularly frustrat-
ing was the inability to access the federal depository of
Medicaid data without paying fees of $50,000 to $100,000.
These fees apparently are intended to help finance the data set
itself, rather than the much smaller costs of accessing the data.
But if the public interest in technology innovation is sufficient
to justify public support, one mechanism should be the rela-
tively inexpensive, neutral, and market-correcting approach
of improved access to information: to support technology as
the Census supports commerce and industry.

Patients as Primary Players, in Care and in Policy
An interest that developed with the project was how informa-
tion facilitates patient involvement. Technologies that provide
easy, frequent, accurate, and relevant monitoring of chronic
conditions can enhance patient involvement in their own
healthcare. An inexpensive and simple monitor allows more
frequent testing of body chemistry and immediate reading of
test results. This means quicker alerts to problems and imme-
diate feedback to encourage appropriate management. The
project’s experiments with frequent monitoring and rapid
feedback suggested that patient involvement can enhance un-
derstanding of the condition and increase commitment to
treatment protocols, as well as enabling more sensitive treat-
ment of the condition.

The project found it necessary to contrast these purposes
with some rhetoric of patient empowerment. The perspective
of the project was not upon a power struggle between patient
and practitioner. In fact it was the opposite: to facilitate pa-
tient/practitioner, and even payer, teamwork in managing
chronic conditions. It did open up the thinking of providers,
payers, and patients by engaging the perspectives of the pa-
tients and their families. It surfaced an originally unantici-
pated value of the monitor: providing a tool for finer-grain
research of the cycles, progression, and treatment of PKU. It
also revealed that payers, supplying the data base for the as-
sessments, were not aware of, and showed initial disbelief of,
co-morbidities that providers and patients recognized and that
their own data proved to be additional costs of poor manage-
ment of PKU.

It brought better understanding to the technology develop-
ment by connecting the development with the experiences of
patients and families, both directly in the trials and less di-
rectly through the Internet connections of families concerned
with PKU. It raised, and helped assess, questions of how im-
portant is it to the patient that such a monitor not involve the
uncomfortable access to draw blood and how important is it to
the physicians’ trust and acceptance that blood, the tradition-
ally tested body fluid, be used rather than other body fluids not
requiring such invasive access.

The growing Internet connections of patients and families
open a final possibility of their involvement: the development
of an effective political clientele to support the public policies
to correct the limits of the market. These might include im-
proving the quality and availability of information, financing
of research on the nature and treatment of the condition, or di-
rect services or financial support for those with the condition.

Reflections on Policy Perspectives
The project to engage economics, the “dismal science,” and
political science, rooted in Machiavellian ruthlessness,
needed the nourishment of optimism inherent in engineering.
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The focus on PKU added challenges of a limited market and
little political clout. Further, the project involved a small re-
search operation, while a common (though questioned) pre-
sumption of the literature says the complexity of our
science-based society favors large organizations to internalize
a knowledge base and link R&D to production and marketing
[4], [5], [3]. Attempts to marry economics and policy too eas-
ily see zero-sum contests. But new technologies can lift policy
beyond zero-sum conflicts by providing new benefits with
which to oil compromise and cooperation that in turn further
enhance benefits. A less expensive and more effective means
to monitor a disease such as PKU enhances the likelihood that
insurers will cover costs of such monitoring, hence enhancing
the prevalence of the monitoring and reducing the costs of
poor management of PKU.

One aspect of policy assessments is to understand the pol-
icy environment, at present and as it might evolve, in order to
better see opportunities and challenges. Incentives supporting
cost-saving technologies particularly depend upon the level
and nature of pressures to contain costs.

For example, what interests will be particularly concerned
with costs of healthcare? Society ultimately pays for health-
care, whether payment is made by patients, employers, or
government. But who writes the check makes a difference in
terms of what other expenditures compete with healthcare ex-
penditures: retirement benefits compete for federal expendi-
tures; education competes for state expenditures; and personal
consumption competes for employer and patient expendi-
tures. Who writes the check also makes a difference in terms
of market power and in the interests pursued by this power:
government payment can concentrate bargaining power and
can represent a particularly broad opportunity for affecting
healthcare benefits and costs. But realization of this breadth is
challenged by the very complexity of government that may
relegate influence to narrow interests or concentrate upon a
singular broad interest such as the budget.

This leads to a second aspect of policy analysis: how might
the future policy environment be influenced? Will future pol-
icy be shaped by broad public discussion or by relatively pri-
vate negotiations in legislative committees and administrative
agencies? Types of politics may be distinguished by how a
proposal concentrates or distributes benefits and costs [6]. As
an example, subsidizing medical technology to manage PKU
concentrates benefits (for those suffering from the condition)
and distributes costs (across the general public, as taxpayers),
producing a “client” politics highly dependent upon organiz-
ing an effective interest group for private negotiations.

Policy changes may be critical, say, to use public subsidies
to correct for a market that fails to recognize quality-of-life
benefits from better technology for orphan conditions. Engi-
neers and patients interested in the technology usually lack the
political capacity to make such changes, especially in the case

of orphan conditions. Cost-saving technologies can be
valuable in these instances, if they make patient support less
expensive and/or provide financial incentives for payers and
providers to add their much more substantial political capaci-
ties. The connection between product development, practitio-
ners, and families with PKU was important in designing the
sensor’s properties, in financing the design, as well as think-
ing prospectively about selling the product.

This is not analysis of zero-sum conflicts, and it is signifi-
cantly different because the approach is to engineer better
healthcare technology solutions. Successful engineering re-
duces costs relative to benefits, irrespective of whether or not
it reduces costs. It offers a broader range of possibilities for
managing politics: to whom and how might benefits be dif-
ferently distributed to adjust incentives for cost-effective
healthcare?

Reflections on Economic Perspective
Economic analysis for the PKU monitors considered prob-
able expenses and returns within the present market. But it
needed more: to consider how policies affect incentives for
the development and use of the monitors, with special at-
tention to managing orphan conditions and to serving popula-
tions disadvantaged by chronic conditions.

Much is made of possibilities of market forces to contain
healthcare costs, including incentives for cost-reducing in-
novation [7]. But the absence of conditions for a perfect mar-
ket also has been cataloged. Markets can encourage
efficiency by allowing individuals to choose, on the basis of
full costs, goods and service they value from competing pro-
ducers. But healthcare does not meet many market assump-
tions. For example, prices do not incorporate full societal
costs. Consumers’ tastes are not predetermined and are sub-
ject to influence through advertising and prevailing culture.
Tastes also are not necessarily independent of the distribu-
tion of resources. Markets do not capture the satisfaction
garnered by healthy individuals who desire that the sick and
disabled be treated [8]. These actual, not perfect, markets
bias outcomes and produce inefficiencies.

Present markets work poorly for PKU. Being a rare condi-
tion, technology is seldom attentive. For the same reason, PKU
families have difficulty becoming well informed. For technol-
ogy to manage chronic conditions that heavily burden patients
and families, markets more likely capture cost savings to the
payers (private insurance or government) than those generating
better quality of life for patients and families. Low prevalence
of orphan conditions limits demands for, and economic returns
to, technologies. Low prevalence limits understanding of con-
ditions and their consequences, making the development and
dissemination of technologies more difficult.

The types and extent of market inefficiencies and biases
depend upon whether physicians, healthcare plans, or pa-
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tients predominate in purchasing choices. Especially when
price does not include all benefits and costs, it makes a dif-
ference who does the buying and how the markets influence
their tastes. Technology also is affected by the categorization
of expenditures, as in capitated coverage that encourages de-
velopment and use of drugs and disease management tech-
nologies when they cost less than the alternative of acute-
care procedures.

As a cottage industry, medicine favored procedures under-
stood by, controlled by, and beneficial to physician practitio-
ners. This resulted in a proclivity to value procedures over
prevention. Institutionalization of medical care shifted the
bias to products and services profitable to large organizations.
Both cottage-industry physicians and provider institutions
may give less priority to cost-effectiveness than would those
paying for the care, and less priority to long-term quality of
life than would their patients. The shifts in market structure to
prospective payments and capitated care encourage cost man-
agement. Future changes in market structure, such as patient
concerns about quality and choices of providers, will further
adjust priorities.

Predictions are inherently uncertain and rewards limited in
markets for cost-saving technologies. This is partly because
markets are not perfect, and healthcare markets will not be
perfect. Further, because of the unequal distribution of re-
sources and of disease conditions, neither perfect nor imper-
fect markets will fully nor fairly meet the needs for health
care. Finally, these circumstances are exaggerated for orphan
conditions. Yet markets have important roles—that may be in-
creased or improved—to allow for greater exercise of choice,
to accommodate change, and to stimulate innovation. The
Utah project showed the importance of going beyond the
question of how the market is likely to accept proposed prod-
ucts and assess related policy questions about the importance
of future market changes or supplements.

Since improvements in quality of life are inadequately
captured by the market, will political “markets” develop sub-
sidies or regulations to encourage technology? Will a growing
understanding of PKU by families increase their power and
initiative to pressure for public programs supporting technol-
ogy development? Will family understanding of co-morbidi-
ties be shared with insurers, increasing insurers’ interest in
better treatment of the condition?

Challenging Markets
The environment for technology reflects two markets: eco-
nomic and political. In both cases, money is only part of
what shapes and is transacted in these markets. These com-
plex markets, going beyond money, challenge simplistic
predictions and easy rules of management. Individual pref-

erences shape the economic environment; these are unsta-
ble preferences, influenced by cultures, promotions,
events, and politics. Policy is at least as complicated; cul-
tures and events, as well as leadership, influence and
change politics, the politics that adjust public, and private,
policies. Technology shapes both the economic and politi-
cal markets. Persons developing technologies can benefit
from an understanding of these two environments, espe-
cially an understanding that includes recognition that they
can themselves change these environments.

Recognizing the complexity of economics and policy rec-
ognizes that understanding sometimes comes in a burst of in-
sight but more usually, and surely, builds in steps. The speed
by which these steps are taken, as well as their direction, are
different when the incremental efforts is integrated with
technology development. It then is less likely to set bound-
aries, of limits and requirements described by outside advi-
sors, and more likely to open up thinking and possibilities.
Integration also increases the chances that the lack of stabil-
ity in these markets offers opportunities as well as complica-
tions, as with the PKU importance of piggybacking the
development and marketing of monitors upon similar tech-
nology for other conditions.
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MOLECU]-AR WNIGIT CI1ARACTERIZATION OF PRE- AND POST1MPLANT

ARTII'ICIAL I]EAFT POLYIIRETIIANE MATEI1ALS

S. K. Huler, D. E. crcgonis, D. L. Cotman,
J. D. Andlade, and T. Kessler

The scope of this study is to dalyze the botccutar weight changes or nio-""@ (Lrhicon (jorporation,
SomeNiUe, N4, a segmented polyether ulethane-rea, as a fmcrion of fabrication condiiioDs, aM imptanr rime
{or the utah artificial heari. The ovemll molecurar weight distiibution was deter'ine.l by se1 permeauon
chromaiosraphv (CPC). Biomer was Ned Ior fabdcation of most artificial hearr and cadiovascutar assist ilevices.

Recenily, Lemn et a1 bave studied the biodegradation of Biomer alodg wfth orher po1rue6, using in vifro
enzvbatic hvdrclvsis stuiliesl and retrieval of subcutaneous iuptants2. rn glncrar, r-ernn et at rrave shown that
the avemge holecular weight of Biomcrdecreases more ihd 50go afrer enzynaiic exposure,. mil by approximarely
2070 after 6 lnos subcutadeous ihplantation. Since the holecular weight .listdbutioh influences the mechmical
characledstics of a polrrer, changes in thi6 distriburion may adve$ely limii rhe durability life of the polyure-
thane materia-ls used for long-tet.in imptart devices,

METFIODS AND MATEIiIALS

Polvmcr s-.Lnples froh various portions of postihplanted arlificial hearrs, as well as differerr lors ol as-recciled Biomerte' were analvzed usins Gpc. Bliefly, cpc iF a form of tiquid chbmatography which separares
consiitucnts on the basis of their solvaled dimensions, which is a funcrion of their molecutar reieht an.l solubititv
charactedstics. The polvmer is dissolved in a suitsbte sotvent anil iB etuted by a Dobite liquid prrasc ttrrougrrpackcd columhs- The packing material for the GPc co1um6 is a dgid or semi-rigirl porous materia-t ot controlleitpore sizcs. As the con.titucnts which mrke up rhe polruer lre eluted rhrough the columns by the bobite liquidphase' thev are separated by urc lorcs accoding to their sizes. Larger moteculcs which conot difiuse iato theshaller pores ol the packcd sel are cluied first, while ihe shaller motecules, which are abte to di{tuse inro moy
or the gcl pores' ihus havinB more coruhn vorume ava able, are eiuted rast. since rhe porcus gel contains agradient of pore 6izes, the \rhole spectnh of molecular weight. which co,*orly are foun.t in synthetic potl'ers
ce be separatcd by CPc. The column eluehl is measured by suitable .tetecrors and ploviites the ovenlt molecu-
lar weight distribution of thc polymer.

All pol)uer samples test.d were dissolved ai a 19. $t/vol concentration iD dimerhvtacerami.le tDMAct con-tainins 0.05 M lithim bromide iliBr). L hiub brcmide he1!s break up hydbgen bonding associariors found inthe urethme polj4ners. 'thc /r-sryrogcl columns (Ware^ Associates, to3, 104;nd 105 i) were etured wfth ihesme DMAc-LiBr solvent solvent at a flow rate of one mrlhin, and vere honjtore.l with a ditrercntia.t retuacioheter(waters alodel No. R-401). catibration of rhe cotumns was accomplished sith narrow, molecuiar-weiehr distribu-
iion polyslyrenc standards giving the caribrarion !rcfile, as shown in rigure r. By this analysis, conelations
vith these polvstvrene calibratioq srandards to the Biome! polyurethanc mareiiat yields retative, not absolqte,
molecutar wcight valucs for Biomer. A typicat chromatosrm for Bioner is shown in Flgrre 2.

All samples were measured in duplicare and the neber avenge morecular weight (frn) and serght averasemolecular weight (Mw) are calcutaie.l rsing the lollowing equahons:

f t n  =  t N i M i / t N i  a n d
t rw = rNiMi2/rNir .1 i

rcspecfivelv' where Ni = ihe number of molc.ules having moleculai weighr of Mi. The vatue Ni is obtained directlyfrcft the chromatogrm (risure 2), and rhe vduc of Mi is dctermined fr;m the straishr tine rit of tbe calibration
lloi (Figure 1).

Sever:l preliminary studies were initiated as background lor ftis work. Five different lors
Biomer were aaalyzed to dctemine molecutar weight variability, a6 shown in ligure U,

To deterhine ihe effects of fabrication, diaphragms were cast ftum a sinete toi
fabrication conditions, ihe6e conditions b€iag:

r. cast and dried ar room remperatffc (RT).
2. Clst and dricd at RT md then soaled in rr2o for 24 hrs.
: .  casr  ar  RT dd f t ied at  35.c.
4. Cast at RT and dded at is.c, ihen soaked in E2O for 24 hrs.
5. Cast at RT ud dried at 60.C.
6. Cast a1 RT dd dried at 60"C, then soaked in E2O for 24 h!s.

F r o m  t h e  D i v i s i o n  o f  A r t i f i c i : l  0 r g a n s ,  D e p a r r n e r t  o f  S u r g e r y ,  a n d  I n s r i t u t e  f o r  B i o m e d i c a t  E n s i n e e r _
i r 9 .  a n d  t h e  D e p a r t m e n r  o f  B i o e n g i n e e r i n q ,  U n ' v e r s i r y  o f  i t a i r ,  s a l t  L . k e  C i t y .  U r " n ,
S u p p o r t e d  i r  p . . t  f . o n  r h e  N a t i o n a l  t . s r i t u r e s  o f  U e a l r h  g r a n r s  t . " ,  N a t t o n u i  H e a r t ,  L u r 9 ,  a n d  B l o o d
l r s t i t u t e ,  s r a n t s  l l H L 2 7 7 \ 7  a n d  # R 0 t - N L - 2 1 r 5 6 1 .

of Biomer using vaiious

V o i . X X V l  |  |  T r a n s  A m  S o c  A r t i  f  I n t e . n  O r g a n s  i 9 8 2 473



RDSULTS AND DISCUSSIO^*

The as-rcccjrcd lots of Biohei thnt were hea6ured have only small vadations in molecular weight:
l ' In  -  1 .48 + 1r  105,  NI lv=2.14+ 1.4 x 1o5.1al ton6,  x ' Io lecular  weight  increses are noted by increasine the
heat during solvent lemovar of cast Bioher samples. Slight inc.eases are also obseN€d aiier \raler soaking, but
not at th€ same crlcnt as the hcat curing (Figure 4).

Samples wcrc obtaincd lor analysis from retdeved artificial hearts, ilhich had been imptanted in cahes
lor timcs rdging from 7 to 221 days. These srhples were obtained from various poltions of each heart: non-
flelins housi.g, air jntcfactng !!mpi!g diaphragb, and blood intedacing puping diaphragm. The daia from
thcse studi€s are sholvn in Fjgrrcs 3 and 5 through t. Each of the6e reirieled hearts were labdcaied lrom dif
ferent lots ol Biomer. Aecause of the lossible lot-to-lot vadabiliiv ol Biomcr, scattcr cxists in ihe data fo!
molecular weisht !.Gus implantation timc (Fisrucs 5 through 7). Unfor'Lunatcly, the origjqal lots of Bioher froh
which thc hcafts had becn labdcatcd were ao longer avnilable; ho\tever, the holecular weight of each heart 6am-
plc vas compared 10 the averag€ holecular ireight obtaihed frob 5 differeht iots of as-receiled Biomer, lt is
not€d that in no caEe vas the holecuiar veight of ey retdeved heart samrle loirer lhan the avense moleculsr
weighf value obtained Jor these ; lots of Biomer, This fits vith ihe data presenled in Fieure il, which shorv an
increas€ in molecular weighi with fabrication. Much scetter is s-een in these data, but no systcmatic dccrcasc in
molecular weisht is Doted, in contrast to Lcmm et al's studics"'. lD thc casc ol almost all rctricvcd hcarts,
the llexing or puhping diaphraghs exhibit the largesl holecular reights, and en increase in lhe blood intefacine
diaphragm is esrecially obsened (ligure 3). To lurther substantiate thcse moleculer weieht choses lound in
various portions of the retdeved hcalts, one lot of as-receiled Biooer was .ohpared $ith ll ietrieved hearts
prepared froh this sahe 1ot, 'the data for these 3 h€arts are shown in Figure 8. Once again, an increase in the
holecular weighi of all podions ol the heail i6 seen as cohlared to lhe as-rec€n,ed lrioher, ai6. Ln agreehcni
with thc resdts show! in the fabdcation study (Iigure l). Ihe blood diaphragh again exhibits thc grcalc$t molecu-
lar weiBhi inciease found tor the portions of the heart hea6ur€d.

Not knosing the cohpletc molcculai sequences in the Bioher shuclure, we can only speculatc on sohe of
the rcsults obseNed in this study. The initial molecular weight incleasc found durin8 fabdcation probably is due
to residual free isocyanate groups present in the as-receiled Biomer. Upon fabdcation dd e:?osure to moi6ture
- possibly frcm air - lhese isocyarate grcups are able to chain elt€ndr Dd result in molecular weigbt increases.
This chain extension process should be a relalivel! fast reection md docs not et:lrlain the molecular weight in-
creases lound in lhe flering po ions of the fabdcated hesr't, which appear to resrdt after implantation in lhe ad
mal. Stiain-induced orientations oI the polymer chains probablv \ril1 have to be included itr any mechanism ex-
phining ihe6e molecular {eight increases Jound in both air and blood intelfacins pumping diaphragms.

calcification has been a molc rcccnt problcft in long-terh ihplanled anihals, but no correlations could
be found betwecn the molecular wcight or lois of Biomer and degree of calcilication4'', indjcatins the anima|s
blood chemisiiT may dominatc this reslonsc (Table I).

coNcLtrslo\s

Hunter et a1. Arlilicial heart matedals

The molecular vejghis ol each of ihese conditioned diaphregns are compared to the sade as-received
Bioher lol dd are sho{n in ligurc 4.

This study dehonshates ihat biodegradaiion of the polyurethan€, liomer, is not slgdfrcant c\en attcr
seleral months implantation tine. h contrast to thc c{cctcd molccular weight decreases froh h}drolvsis chain
scission hechanisms, a slight nolecular weight incrcasc js obscrycd in the fabricated and reirieved heaits.
This studtr does not erclude biod€gndation ol Biomcr ivhcn it is er?os€d to other testidg lomais, as subculaneous

L e m m  V ,  P i r l i n g  E S ,  B u c h e r l  S ,
0 . q a i s  7 : 8 6 ,  1 9 8 0 .

R E F E R E N C E S

B i o d e g r a d a t i o .  o l  s o t r r e  b i o t r r a t e r i a l s  i n  v  t r o . P . o c  E u r  S o c  A r t i f

L e m m  t ,  l ( r u k e f b e r g  T ,  R e q i e r  G ,  G e r l a c h  K ,  B u c h e r l  E S .  B i o d e g r a d a t ' o n  o f  s o m e  b i o m a t e r i . l s  . f r e r
. . o  r t r r c o .  i  o l r ' ' " . i o - .  D  o .  L r  , o  a , :  0  9 d 1  8 : /  . 8

B r a L n  D ,  C h e r d r o f  F ,  K e r n  l , l .  T e c h r i q u e s  o f  P o l y n€r  S y n t h e s i s  a n d  C h a r a c t e r i z a L l o n .  N e w  Y o r k :
J o h n  V i l e y  a n d  s o i s ,  1 9 7 1 ,  p  2 4 5 .

C o l e o a n  D L ,  L i m  D ,  K e s s l e r  T ,  A n d r a d e  J D .  C a l c i f i c a t i o n  o f  n o n t e x t ! r e d  i m p l d n t a b l e  b l o o d  p u n p s .
T r a n s  A m  S o c  A r t i f  I n t e r n  0 r 9 a n s  2 7 : 9 7 ,  1 9 8 1 .

C o l e n a n  D L ,  x i n e r a l i z a t i o n  o f  b l o o d  p l m p  b l a d d e r s .  T r . n s  A m  s o c  A r r i f  I n t e r n  0 r ! . n s  2 7 : 7 0 8 ,
r 9 8 r .
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TABLE I I . lOLECULAR I ,JEIGHT VERSI . ]S  CALC IF ICATION AND HEART TYPE

Exp No,

T H 7 9 C r

I H S I C i 4

1r79C6

T H 8 I C  I 3

T t S t  s t  2

TH80C8

fH79C2

T H 7 9 C l 2

1H76C22

T H 7 9 C r 5

3 . 0 8
3 . 2 4
L 4 6

2 . 7 2
2 . 9 2

2 . 2 8
2 . 4 A

2 . 5 4
2 . 8 8
3 . ) 5

2 . 5 0
3 .  t 4

2 . 8 6

2 . 1 8

3 . 1 5
3 . 0 2
3 . 2 0

2 . 3 3
2 . 4 8

2 . 9 1
3 .  t 0
2 . 1 8

2 . 3 9
3 . 4 3
2 . 9 8

, r t
2 . 2 4

r . 8 8
2 . O 3
2 . 3 5

1 . 5 9

I  . 6 9

I  . 6 9
r . 9 5
2 .  t 4

r  . 84
1 . 6 7
2 . 0 1

. 9 1

. 8 4

. 9 4

2 . 0 9
2 . A l
2 . 2 2

T i n e
Hear t

calci  um !L

0

z+

2+

J '

J ]

t 1

) 5

J I

J 5

J 5

J 1

r  . 4 1
r . 4 5
1 . 4 3

r . 4 5
l . 4 t

1 - \ 1

r  . 4 3
1 . 4 8
1 . \ 1

1 . 5 0
t . 5 2

l . r r 5
r . 4 8
1 . 4 3

t  . 5 l

I  . 3 6
t . 3 8
l . \ 3

1 . 5 1
1 . 5 6

1  . 4 7
I  . 4 1
r . 4 8

J 1

1  . 1 2
r  -80
|  . 92
r  . 99
1 . 9 7
1 . 7 3
t . 6 3
2 . 1 5
2 . 0 2

J 5

CALIARATION PROFILE

F i s ! r e  l .  c a l i b r a t i o n  P r o f i l e  o f
t r -s tyrosel  GPC colunns Ls ins narrow
r c l e c u l a . - ! e i 9 h t  d i s t r l b u t i o n  p o l v _
styrene standards,

L

ELUTION TIII€
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F i g u r e  2 ,  T y p i c a l  G P C  e l u -
r i o n  p r o f i l e  o f  B i o m e r  ! s i n 9
a  d i f f e r e n t i a l  r e f r a c t  i v e

0

T

350

300

250

206

1 5 0
I

q

50

Figure  3 ,  Average Mn .nd  Mw
va lues  o f  5  as- rece ived B iomer
lo ts  conp. red  w i th  the  no lecu-
i a r  w e i g h t  d e t e r f r i n a t i o n s  f r o n
r e t r i e v e d  a r t i f  i c i a l  h e a r t
s a m p l e s .  R e r . i e v e d  h e . r t  s a n -
p les  have been imp lar ted  f ron
1 to  221 days .  S tandard  dev i -
a t ions  are  shown in  range b . .s .

A  .  i n t r . f o .€ B  o o d  i n l€r f o c .

( 1 A  h 6 a . ! 5 )

F i g u r e  4 .  t l o l e c u l a r  w e i s h t
o f  B  i o m e r  r e s u l t i r g  f r o m
v a .  i o u s  f a b r i c a t i o r  c o i d i t  i o i s
The averase is  f .om 2  va lues
wi th  those va lues  shown in
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F igure  5 .  t ln  and MV v . lue5 f rom nonf lex ins  hous-
i n g  a f t e r  v a r i o u s  t i n e s  o f  i n p t a n t a t j o n ,  O n t y
t h e  2 9 - , 4 4 - ,  a n d  5 6 - d a y  v a l r e s  a r e  f . o o  t h e  s a m e
lo t  o f  B iomer .  The avera le  va lue  f rom 5  lo ts  o f
a s - r e c e i v e d  S i o m e r  i s  s h o w n  a t  0  i n p t a n t a t i o n

F igure  6 .  t1n  and r ,1w va lues  f rom a i r  in te r fac inq
p u m p i n g  d i a p h . a g m s  a f t e r  v a r i o u s  t i m e s  o f  i m -
p l a n t a t i o n .  0 r l y  t h e  2 9 - ,  4 4 - ,  a . d  5 6 - d a y  v a l u e s
are  f rom the  same io t  o f  B ioner .  The average
va lue  f rom 5  lo ts  o f  as- rece ived E jomer  i s  shown
a t  0  i m p l a n t a t i o n  t  i m e .

3 * .

Figure  7 .  Hn and l lw  va iues  f rom b lood jn te r fac-
in9  pumpins  d idphragms a f te r  v . r ious  t imes o f
l m p l a n t a t i o n .  0 n l y  t h e  2 7 - ,  q l r - ,  a n d  5 6 - d a y
va lues  . re  f rom the  sane io t  o f  B io@r.  The
.verage va lue  f rom 5  lo ts  o f  as- rece ived B iomer
i s  s h o w n  a t  0  i n p l a n t a t i o n  t i m e .

F i q u r e  8 .  T h e  a v e r . g e  r c l e c u l a .  w e i s h r  v . l u e s  o f
the  same lo t  o f  B ioher  ds  rece ived,  and . f te r
v a r ' o u s  i m p l a n t a t j o n  t i m e s .  T h e  t o p  I  I  i n e s  c o r -
respond to  t lw  va i !es ,  the  lower  S  l ines  cor res-
p o n d  t o  n  v a l u e s .
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