


ffi qooy.ight @ rs, o" *" n.*.,J6i1'#ljjrt6:*Hll:yy",ftT?*erhissio! or ihe copyrrsnt oqer.
Manipulation of proteins on Mica by Atomic Force

Microscopy
A. S. Lea,r A. Pungor,t V. Hlady,rJ -J. D.-Andrade,lr J. N. Herron,s andE. W. Voss, Jr.i

Departments ol Bioeneincp.in( and ol pharzldceu.tics. Uniu.crsity of Utoh. Satt Lahc Ci!r.utoh 41112. and Depa n"N oJ Mi.rcbrctoey. Uniunsity of ruiiois'. u,Ei..,"iiti"Zi anot
ReceiDed March 1, 1991.In Finat Form: June , 1gg1
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IDrroductior

. Tbe ability of rhe atomic force mjcroscope {AIM, tormage nonmnductors rn both a and aqueous eDviron_menls has enabted it 10 be u-sed 33 a rescaJ(h insrrument
ror lne Drotogrcsl community. Already, it bas been usedI o observe nucleic acids.r r lipid assem blies.- a protf, ins,a r0
snd eveD entire ceil sudaces.rcl3

The aEount of AfM work in tbe biotosical area iscurr:n"tly sm+l: but expaadins rapidty. UDrorirDarety,
m_o6l or r ne pubrrBbect studies nerely rcport tle obsenadoD
or vanous structures on surfaces and do nor address dre'lsueol pertulbatioD ofrle observed s'tsr€m by rhe AfM

ln s previou€ srudy. we had observed rhe adsoationofa_monocronal tgG from solurion onlo loica.6 We byporh_€aEeo tnal I he I gU ridges were a conrequence of t he prot€iDD€D's swept acro€s tb-e sulface b) rhe scanning prob;. Sincernen.a€ na!e been rocusinsour eforrs oD observing restrtm9 adsorplron ot prcL€ins in a sysiem in whicb pertur_
oalrcn by rb€ €c8jrnitrg probe is minimal. We found,Dowever, prot€iD manipularion so prevalent tbal an ua_penurbed-obsefvation of tle adsorption plocess wouldDor De easrly attajnabte. -We decided io invesrigale howDan I pulslon by I he cantitever r ip car be used to ditcrminernreraclroDs bcrweeD thp lip and pror€in and betweeDpJol€rn,anct substrare. Tbe lesuJrs ot tlis study derDon_Brrale Lnsr.the cant'lever Dor oEly bas a profound effecton aosorprron processes..bul also may be used to manip_uraie motecules rnto decired pail€ms or shaDes.
, l o.study lhe.ef fecis of sranni_og the candiever t ip onprotern adsoryt'oo professes. we followed the adsorprionot an lsM ob mica- The raiionaje for llsing IsM in iheseexpenmenl€ was that, due to lhe limited resolvingpoweror rhe AlM. rhe protein needed to be )arge and [ave aorsrmci motecul,8r ehape in order lo observe individuatpforerDs. tgM bas a motecular weight of 900 kDa atrd itsIerlraly sfnr-clure wben viewed by elecrron mrcroscopyresemblesa tive-poitrred star.ia The IgM is a muuse mon-o{roDal.anldluo}escyl anribody tcloDe l8_2_gr.r6 rz Thispar curar. tgM .rs a cryoglobuln rhar disaggregates,prodrn sindividual peDlalr]ere.wbennuoresceinls iound
9l,Yl"'.1r,," 1".'::1.9'4i exceeds 0.3 M. Ar lgM workrD tbrs stucty rs witb.l he fluorescein_ bouDd, disaggregaledrorm..t be assocrarion con-sl,anr fortbe anligen is (2_3, x

ally LaJse for an lsM.
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Bpring .omt@is of 0.37 and 0.064 N/m. were hicrofabricated
f.on silicon niiride dd have a 600 A vapor-depoBited, gold

To conduct the IgM adsorytion experiment, aica was frst
iDaged unde. pH 8.0 phGphate buffe. ssiine (PBS) in a fluid
cell- The PBS waB thel ex.hdged for a 20 /g/hl- IgM solution
id pH 8.0 PBS. We decided ro ope4re at pH 8.0, r}le isoelectric
poini of the IgM clone, where adsorption of the prot€in would
be buihum ed ihe latenl interaciio.s betweeD t}Ie Droteing
would bp rbe gFs,es,. dJe to decresed elecrrost€ric rcpu]lion.
A very smail area ws iDiti6ly sc@ned in order io minimize the
effect of the cotilever tip on t}te adsorbins protein while rhe
applied force wru beirs Dinimized.r, On.e the force ws
ninimized, the scd area was in.rcsed to 3000 nn bv 3000 nn
and the adsorption process wd observed usins constsrrforce
mode (4 !N). Afte! 12 min of coniinuoB sc@lins a 3000 nh
b] 3000 nD uc.. rbc,cosi?ews ihftFsed ro9?00 m bJ 9?00
nm. Scming of ihis larger area ws continued in .onsiann

The infllence ofthe tip on t]te p.otein adsoipiior prorcss ws
i.v$tigated by sc@iry the sme 1700 nm by 1700 eea in the
coGtentheisht mode at ihree differeni appiied force6: 8, 12,
md 14 nN. IsM pas allowed to adso.b on mica froh a 20 ,s/DL
pH8.0 PBSqoluLnn tor i3.5min. Tten I hree ibssps * ere;ken
consecutively, beginnins at low force ed endins piih high fo.ce,
od ea.h ws t€Ien aJie. th.ee successive scds of 1?00 nh lN
1700 nD ups. qih rbc firsl s.M beine rrom bottoD h rup.

An e:pe.iDent in which adsorbed profein wd i.tentionallv
hanipulated int a desired shape qaB conduct€d using fib.inogen
(65% clottdbleh@osDple, U.S- Biochemical Corp., Cleveled
OH). A 100 llg/nl- solution of fibriDogen iD pH 8.0 PBS wa
allowed to adso.b onto the mica in ihe fluid Af'M ceil fo. 5 min.
Theproteinsolutionqdthenex.hdsedfo.buffer. Amoderat€
rcpuisive force of 30 nN wd applied sd seven adja.enf 2000 .D
by 20!O m des were scdned twice each in the fo.m of a btock
U. Th€ applied fone ws theD Dininized to 4 rN md t}te s.@
dea 1'as iDcreased to 10 pm by 10 rm for obse.vauor

R€sults and Discussioa
When IgM adsorption was imaged evith the atomic force

microscope using an initial force of approximately 4 nN,
the first IgM molecdes appeared a! aggresates on the
nica surface (Fisue 1). It is not kno'irl if the IsM ad-
Eorbs in th€ forrn of aggfegates existing in soiution or if
the eantilev€r tip pushes individual pmteins already on
the suface together to form these sma]I aggesates. The
fomrer is possible since the prot€in sotution was buffered
to the isoelectric point of the IsM, the pH at which
marimum aggregation is expected to occur. As tine
progressed, mo.e aggregates appeared arld they besan to
line up in strands o ented pe.pendicularly to the fast-
scanning (r)direction (FiguIe 2).,0 The implications are
that the adhesion between the IsM ard the mica under
these.conditiom is weak arrd easily dis.upted by the
scannmg canurever tlp.

I'isure 3 showe the imase of IgM adsorption after 12
min (a 9700 nm by 9700 nm area captured in constant-
h€ighi mode). Two partially supe mpos€d 3000 nm by
3000 nm areas that were previously scanned arc indicated
in the lowerrishtportion (arca 1). The lower third of the
entirc 9700 nm bv 9?00 nn area was scanned twice
{indicated as aiea2), and the upper two-thirds only once

(r8) Alemder, S.i Eeuena$, L.t Marii, O.i Schleir, J.i Eli.$, V.i
Hd.na  P h  Lo0sD[ . .  M. .  r iu . lev . ' .  J ,4pp l .  P l .y , .  t989,  6" ,  t6a .

.l9i qinF bc rnr( m nim.zariuo qm dn-p Fni.c 'h. trv rs. ad
iu rb i l s  i r  : s  no  boq r r 'h  i  rppor  pd ,or .  ss  be . rP l  rh ; .mr i  ev4
tip sd mica, the cdtil€ver iip sd IsM (if the tip $s posiiio.ed abovs
thep$t€in),IsMand nica(ifkMhad €dsorbed ont tle canrileye.), oi
IsM nolecdes (if a. igM coated cdiiieve. ws DGirio.ed above ad
so.bed IsM). These different situations would .oi @cessdib yield the

(20) The midoscope d.ds the surfa& in a rsrer Dattem with a
t€que.cy of 18 Hz in tle r dir.ction and 0.05 Hz in i!. r dnection. The
r direction ii the.efore refdred to s the fast,scmnirz direcaon.

Fislre l. A3000nb b) 3000 M AFM, onsijnl,-fo!.p ibsgeof
IgM l&2-3 deposired ar mi.6 troD a 20 rg bL pH 8.0 

-pBS
Boiur iob sJ rr€ l-m,n sdlorplion I ibe uline s 4 n\ force. The
\prtr.ol s.Elp rs heighr ib nsomet'eB. The duk wedge is s pit
in the mi.a posibly fo.med froD the fore mininizarion process.

figuE 2. A 3000 na by 3000 na AI'M constani-force iaaee ofTsM 18-2-3 deDos:L€d on bi.a frnD a 20 /g bL pH 8.0 
_pBS

solulion afler a 2.i min ad6orpriur rime usins a 4-nN iorce, idcnttal  epa is in l . ibre t , .  Tne \edcal s. t .  is heichr in

(indicated as ar€a 3). It is evident thstin the lees scanned
area3, the IsM k mole uniformly distributed ov€r the
surfa.e and is nor for.ed by rbe csntilever iip lo line up
iD srrsnds. FigulF 4 shows ihar funher ecannins oI th;
wbole 9700 nm oy 9700 nm area cauees rhe unp;urbed
IsM to align in sbands and apparently increases the
amount of IgM on the surface.

The phenomenon of rnolecular alisnment by AFM was
obseNed previously witl fibin monomers in PBS on mic€,s
with a monoclonal lsc in PBS on mica in solution,d and
with von Wilebrand's factor on mica iD air,, where rhe
applied force is nuch grear.er. Apparenrly, rbe cantilever
tip behaves as a -roolecular broom' thar sweeps individusl
proteins or small prolein aggegatf,s in!o larger pijes in
th€ tast-scanning direction. As will be showr: later, the
exact odertation of the protein aggregates wil depend on
the orientation of the facets of the cantilever tip reletive
to the scanning axes. Fisures 5 and 6 show that the tiD-
induced agsresation depends on which scannine models
used. Tbe individuai proleinsand prokinaggregat$exen
a tbrce, which can be broken down inro horizonlal aj]d
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rigureS, Schematic iepresentatio! of protein mdipularion on
a surface by the cotileve. iip in constdt-fo.ce Eode. (A) Tip
movine in rle fs' {.mirg d uefl ion begiru swepibg rhe pioleiis
a.ross rle suiace. provided lhe vcni"sl force e:ened on I bo LiD
b) rhe proreii i! sball 'B'As rhpproFin begios pilins up, tb;
n terar l on of l he oggrFgar.c wi h rh€ surf6, e in.red€, ploducinq

s Lalger \enr.altor.e elertsd on r he canrilevq. (c) When ft;
varri.sJ iorce tecobes suffi.iFhrl) lese ro eue canrilever
deflc.rion,rhe feedbsck sysreb 16r @fls rhe pipzocled.icclr€Ld,
a indicaied by the domwdd drow, to eaintain coNtant force.
(D) The piezelect.ic oystal advdces, s indi@ted bythe upward
arow, when the verticol force is dimid8hed ed tle sweeping

Figure 3. A 9000 nn by 9000 M AIM constdtheighi ihage
of IsM 18-2-3 deposited on mica from a 20 &g/ml pH 8.0 PBS
solution aJter e 12-Din a&orptior time uBins a 4-nN fo!.e. The
v€{ical scale is force illncalib.ated). In the lowe. right de two
supeimpoeable 3000 rm by 3000 nm a.eas, Feviously scuned.
The iesi of i.he dea ws previo$ !6c@ned.

Figu!€ !. A 9000 nm by 9000 nn AFM coNtannheight image
of IsM 18-2'3 dep$ited on mica &om a 20 EglDL pH 8.0 PBS
Bolution 1.5 min e lter t}te pievious thage aing a 4-nN fore. The
verticatsc.leisfor@(uc.lihrated). Theploiebinihepreviously
unsc@ned area now iesembles the previously sconed areas.

verticslcomponentE,onthesweepingcsrtilevertip. When
the protein pile geLs too large snd its interaction with the
Burfac€ inc.eases abov€ a critical valu€, the vertical force
exerted on the cantilever tip increases to a detectable level.
In the const€rt'force mode (Figure 5), the piezoel€ctric
crystal will .etract to maintain constent force allowing
thecantil€vertiptoslideovertheaggregate. Atthispoint,
the csntilever tip no longer pushes the aggregate. Once
past the aseresale. hoqerer. il besin. rhesweepins process
again. In the constant-heighi node (Fielre 6), the
piezoelectric clystal does not respoDd to the eantilever
deflection. Instead, the vedical force componeni will
increase to th€ point whe.e the cantiiever is deflected up
over the aggregat€. Th€n, the ve.tical force decreases and
the cantilever deflects back toward its inittul position
(Figur€ 6). These processes repeat themselves ss the
cantilever tip moves to the Dext pGition in the slow- (y)
scannine direction.

Firxlie6. ScheDaiic repr$entation of p.otein muipdaiion on
s surta.e by ibe.mrilever rip in.onsidlbeishl Eode. rA'Tip
DoviDg in rhe tdr-sdning d irecl ,on besi$ sweFpibg the prckiG
acr@s lbeBurface. provided,b€ venicalforc.exeri.d on rhe Lip
byineptu le in issbai l . ,8 ,  Asineprol ,ernbesibspi lbgup.Lhe
overall .nte.ar lion of ilp EAgrecale wirh rhc aufs(e inaes$,
p.oducingahserverii.sl{orceexe.tedonthecdtileve.. When
the vertical folce becomes sufficiently lege, the cetilever deflecis
up over t]Ie aggregate. (C) Once t]Ie vetical force de.rea!e!, the
caniilever deflech bac! towad its origihal position. (D) The
sweepng proesB Degrns agdn.

When comparing these two scsrning modes, oDe would
expect that protein perturbation would be greater for
coDslanl -h eight Bcann ing than lor constanr-force scanning.
Assume the inoaging by each mode is done at the same
initialappliedforce. The difference in the force the protein
eiperiencee sith the tip positioned above it, AI, would b€
siven by eq 1, where & is the sprins constant of th€

Aa = A(,^z - 6) (r)

cantilever, Az is the distance the cantilever would deflect
above the protein (tens of ansstroms) in th€ constanr-
heisht mode, and , is the minimum cantilev€r deflection
dbtrnce the split photodiode can detect (-1 A).
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Fisuro 7. A 1?00 m by 1700 nm constantheight AFM inage
of IsM18-2-3onmi@,usins@&nNforce. TheIgMMsalowed
to adsorb for 13.5 din froh a 20 l18/bl- solution in PBS at pH
8.0 ud was theD s.med thr@ iimes before this inage waB taken.

Iigure 6. A u00 nh by 1700 nn consi€nt'height AIM image
of IgM18-2-3onDica,Ginga12-nNforce. TbekMwaslowed
to adsorb for 18 min from s 20 /le/n]- solution in PBS st pH 8.0
and was t]len scMed thee times before this image was taker.

The applied fo.ces that are exerted on the cantilever
are the overall forces, and t}tey deperd on the geomeby
and volume of the cantilever. The localized forces,
howeveri can be very different. From the interaction
Dot€ntial calculations. one ean conclude that the force
b€tween the apex of the cantileve. tip and the subsbate
would have a sreat€r repulsive cont bution to the overall
force than the rest of th€ tip would. At present, it is not
known over what area this oversll force is exerted- The
influence of the tip at thrce differcnt applied forces (i.e.,
at 8, 12, and 14 nN) on the pmt€in adiorption prccess is
shona in Fig{res 7 3. These ihree irnages were takeD
consecutively, beginning at low force and endhg with high
force, and each was t€len sfter three successive scane of
1700 nm by 1700 rlm areas. Two effects are evident in
Fieu€s ?-9: (a) \rith incieaBing force, the spacing between
the adso.bed prot€in stran& incre3€es, and (b) prct€in
stuands are oriented diagonally with the respect to the

The €ffect of the applied force to the spacing between
thestandscanbeexplainedbyeq2. tutheappliedforce,

F = 4oor.d r ft& Q)

F"poi"o incrcases, the force ere.ted on the cantilever,I,

Ldnenuir, Vol. I, No. 1, 1992 'll

Figure 9. A 1?00 m by 1?00 m constantheisht AFM image
of kM18'2'3onmica,u6inse14-rNfore. TheIsMwBal]osed
to adsorb for 19-5 min from a 20 /,g/ol, solution in PBS at pH
8.0 andw6 iheD Bcmned thee times before this i4age ws take!.

Table I. P€rcert Su.f.ce Coyet&se of Mica by Adsrhed
I€M

surfae appl'ed ibage,
@Yensq % force,,N ftue coverage, % force, rN

for the sam€ height deflection of th€ cartilever, &, also
increases. The smaller aggegates that appear in Figure
7, wherc F,ppr"d we€ 8 nN, were insufficient to deflect the
cantilever when larger fo.ces are applied (Figues 8 and
9), appnently due to the smaller overaU adsorptioD
interactiom between th€ protein aggregates and the
surface. The snall aggregates are srrept further along ir
the fast-scanning direction, picking up more Fotein, until
the erowing aggregate acquired an interaction with the
€uface suffi cient to defl ect the cartilever. Consequently,
the spacing between the strsn& must increase when the
applied forc€ increases, according to the proposed model.
The surface coverage data in Table I confim this by
indicatins a snaller suface covemge at inceased applied

One noticeable difference between Fi$res ?-9 and
Fisur$ 1-4 is the orientation of the strands. In Figlrles
1-4 the stlands are generaly o ented vertically, while in
Figures 7-3 they run diagonally across the imases. As it
turned out, the difference was due to t,he ansle betweeD
the fast-scanning dbection and the orientation of the
plramidalcantilevertip. In the experiment piesented by
Fisures 1-4, the scan o.ientation wa! 0' and the front
facet of the pFamid filst contact€d the protein (Figue
10A). Wlen tlescan o entation wa! 45o, as was the case
in the experiment pr€sented by Figues 7-9, the edge
between two facets contacted the proteins fiIst (Figue
108). The facet then pushed the protein at an angle 45o
f.om the fast-scanning direction. In this marmer, the
prctein sbands can be seen to atign parslel to the plane
of the plaamid faceb.

Scanning over adsorbed prot€in ag$€gates in the
cofttantheight mode can produce other aftifact€ a! {'ell.
While traversing over a very la4e prot€in aggregate, the
c8ntilever tip can push part of tle aggregat€ in froDt of
ikeH,\rhichproduces"streaking"iniheimage. Thireffect
appea$ as a white horizontal line lile the one visible in
th€ left side of Figure 9. Or, after crossing over an ad-

1
)

$
I

I L 2 4 4 3 4 4
2  1 1  4 7 4 2 A
3.area1 2a 4 8 34 12
3,a.ea2 18 4 I  8  14
3, d€a 3 a 4
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IfuuE 10. Schematic of oneDtation ofthe prrmidol tip io the
fastscannins dilectio!. (A) Wiur 0o rotatioo (Figu.es 1-4), the
relative movehent of one of ihe pramidrl facets is parallel to
the fat'scming directio! (solid mow). (B) With 45o .otatio!
{Figues ?-9), the edge between two faces is p&allel io the f6t-
scdnins direction (solid a.row). The dshed afoq€ show the
dnedion proteiD eodd be @oved by ihe pFsDidal fa@ts.

sorbed aggregat€, the cantilever tip can also adhere to iL
This will cau€e a temporary deflection of the cantilever
toward the sulface which, in tum, appears iD the image
as a dark horizontal line (Figues 8 and 9). A! s reminder,
it has to be mentioned that the cartilever tip scalls back
and forth over the suface in the fast- (r) scanning dircction.
Howevei, the images captured by the inshunent a.e
conposed from the signal derived f.om the forward
scarning only. The foMard scanning direction corre-
sponds to the right-to-left directioD in a[ imsges Fesent€d
here. Thus, the pmtein adsorption images obtained by
AFM pesent a dynamical picture composed from the
spatialy and temporally distinct interactions between the
tip, gotein, and suiface.

The percentage of apparent prctein suface covemge
was calculated for each of the images ss an area above
back$ourd. The results are prcsented in Table I. As
expected, Figure 2 shows a higher degee of surfac€
coverage compared to Fisue 1, which wa-€ obtained at a
shorter adsorption time. In the ca€e of Fisures 3 and 4,
it is not known whether the bacftsround is an image of
mica or of a smooth layer of adsorbed IgM due to the lack
ofnolecular specficiw ofthe cantilevertip. In Figure 3,
ttle noBt scanned arca (area l) had the hishest apparent
Burface coverage, wherca! the srea scann€d only once (erea
3) had th€ lowest apparent sulface covemge. There are
lwo plausible explanarions ior tbis perceived incresse in
coverage as the number of scans over the same area €
inrreased. One erplanation is rbal the scanning process
incr€aseg the edsorytion rate. Normally, there $ ar un-
stirred layer of solution, rcferred to a€ the quiescent
bounilbry layer, close to the surface. The rate of protein
deposition is iimited by the rat€ of diffusion of the protein
though the quiescent bomdary layer. Du.ing the scar-
ning p.ocess, how€ver, the relative motion ofthe cantilever
tip with r$pect to the surface produces coDvective currents
which car reduce the quiescent boundary layer thickness
and thus increase the rate traisport of IgM to the mica
suface. Note that in Figure 4, the surface coverage over
any reasonabty sized ar€a was 34%. Thus, within 1.5 min
of scanning, the apparent surface coverage increased fiom
8% (area 3 in Figure 3 after 12 min of adsorption) to 34 7o
(Figure4aft€r13.5minof adsorptioni. Theresultssuggest
that, ifthe increaae ofthe IgM hansport rate is responsible
for the suddeD surface covemge increase, one can control
the effect by varying the scal1 rate. A second explanation
is that, ifthe snooth background is sn adsorbed IsM mono-
layer, then the cantilever can push prctein nolecul€s within
this layer, producing a $eater corrugation. In this
situation, only those mol€cules pushed into large mourdg
would be included in the coverage calculations. The
covemge would rcflect ihe eitent of the molecular broom

Lea et aI.

iasr sannins direction ({)

I
I

Fignre 11. Schematic of the 6even adjacent 2000 nm by 2000
m scan areas used io pioduce the block letter U.

Fignre 12. A l0 /lb b) l0,ro coNrmFbeishr Af'M imaee of(he block lelter U lomed by scuning *ven adjaenr 20Od ao
by2000m d€Eof fibritrogebadsorbcdob bicausiosm epptied
30-DN rcpdgive force. The vertical scale is frcaliFared f;rce.
effect. Ifthe molecular broom efiect is the dominant mech-
anism, one concludes that th€ peiubation occuls v€ry
mpidly (within a few scans).

The observation of unintentional maniputation of ad-
sorbed proteins by the csntiiever tip nsturally led u3 t
€xamine whether proteins could be maniputated into
desircd designs. An intrigring extension ofthis woutd be
to use the Atr'M as an instrum€nt to construct patt€rned
protein sufaces to be used in biosensoB or orsarized mut-
tienzlrae anays. We needed to start with a layer ofprotein
on the surface tmder a protein-fre€ supernaEni srnce
futher prot€in deposition would complicat€ our desisn.
We found that fibrinogen had the prope. surface binding
slfrnity to conduct the expe ment and provided a suf-
ficiently stable protein layer for this work. Drale et al.5
showed that adsorbed fibrinogen could not be obseNed
on mica with the AIM, pmbably because of the protein's
weat int€raction withthe sudace. However, when thlom-
bin was added, causing the fibrinoser to cl€ave into {ibin
monomels, tle activated fibriDosen molecules adsorbed
to the surface and the whole process was observed wirh
the AIM. We found that we could obselve the adsorbed
fibrinogen without addition of thrombin. This was
Fobably due to a somewhat higher level of ihpu ty of
our fibrinogen sample. AJter tle fib nogen solution was
exchanged fo. buffer, a moderate repulsive force of 30 nN
was applied and seven adjaceDt 2000 nm by 2000 nm area.s
were scanned twiee each in the form of a Ietter U. as
indicared by Figure Il. The apptied force was rhen
decleased to 4 nN while the scan area wss increaled to 10
/lm by 10 l.m for observation. Figuie 12 showB the rcsult€:
fibrinogen was uniformly dist buted within the larse
tDscanned area. but with;n rhe coDfines of rhe lerier U,
fibrinogen slrands were orieDted by lhe scanning proce-
dure. Tbe height of the strands was approximately 2G-40
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"soft- biolosical specimens may represenl a system per-
turbed by theprobc hecantileverrip,. In addil ion, rhese
image8 8Ie compo8ite pictures made ftom the sparially
and temporally distinct iirtsactions berween the tiD.
sample, and und€rlying surface.

The canrilever rip can be used lo maniputare protein
molecules so ihal desired designs csn bc obkin;d. A!
thoush this nanipulation is dude, it demonsirates the
pot€ntial for nanipulation on a finer scale such that
placemenr of hdividusi proleins or prot€in a€rresalcsst
desired posirions can be achieved. Mmipularioo of a
deposited fibrinosen layer wi$ a 4,nN repulsive tb.(e e/as
observed only afirr rensofminu!€s, bur;rot Lo theell€nr
that strands forned, indicarins asrear€r adh$ion between
tbe librinogen ard micathan beteeen IsMandmica.The
d;fference berween fibrinogen and lgMsuggest thal ir is
po3sible Louserhe penurbarion ottheproieinlayercaused
by lbe AFM rip ro measure the slrengrh of iareracrronr
of proteins with sudaces. If the perturbation of the
oh€wed process by AFM could be sufficiently mininized,
it might be possible to extract quantitative inforbation
regading th€se interactions using th€ wp€rturbed image
as a .elerence saate.

AcknowlertgEent. We are grateful to J. Brophy for
suggesting tle U exp€rimenl as a graphic way ro show the
manipulative capabilities ofAf[4. We abo acknow]edce
C. C. Wiuiams and T. P. Beebe for rheir belpfuJ discur-
Bioru in preparing this article and thark the CeDter for
Biopolymers at Intefaces at the Univenity of Ut€n,
National Institute of Health cmnt HL-44538-01, ard
Univercity of Utal Graduate Res€arch Committee for
financial support.

nm. With 4-nN applied force, the fibrinogen layer
renained stable. We noticed a slight increase in protein
surface roughness, but only after observing the fibdnogen
for teDe ofminutes. When forces much lalger thsn 30 nN
were applied to th€ U-shaped fibrinogen iayer, the eDtire
scan area wae lwept clean of prot€in, indicating that even
the largest ofaggregata could rct withst€nd the disNptive
force of the cantilever tip. The swept aggregates would
appear piled up just beyond rbe edses ofihe scan area in
the fr and -x dircctions, demonshating again that
s€regst€s aJ€ pusbed in rhe falr-scan direcrion.

Conclusiotrs
Tt ba! been sboer that adsorbed prol.eins on mica are

$,ept into shards of aggregat€s orient€d paralel to the
plane of the cantilever tip facet. This is a manifeststion
of the relatively weak interaction between individual
molecules o. snell p.otein aggegates ard the surface of
mica. The area contiDuously scamed by the cantilever
tip had higher appareDt surface coverage than the resions
that wei€ scann€d fewer tim$. It is proposed that tle
cantilever tip either increases the adsorbed amount by
increasing the rat€ of transport of protein to the suface
or produces corugations withiD a fully adsorbed prot€in
layer (a "molecular broom" effect). As the applied force
is increa!€d in the constsntheight scandng mode, ihe
size of the aggregat$ that can be swept by the cartilever
inoeaEes, which caus$ the dist€nce betweeD the st.ardg
to increase. Researchers should therefore be wsrv that
when studyingweally bound macroroolecutes ar suifaces
by AFM, the results wil be strongty influenced by th€
cantilever tip and by the forces involved. Thus, AFM
images of adsorbed proteins, fluid membrarles, and other
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Compression of polyethylene glycol chains grafted onto silicon
nitride surface as measured by scanning force microscopy

A.S. Lea r. J.D. Andradc. V. Hlady *
Detdnnent ofBiacnsinetng, Uhi1,u.sh afIltah. Sok Lake Citt, rjTE4 tz, USA

Receiled I Norenbe.199j:.ccetrled I Nlar.lr 1994

Monomelhox)'polvelhyleDc grl,cor (pEcJ with a nxrlccnrar weight of 2000 Da has been grated 1,' a siicon niLridc
su ace thal has been silanized ilith 3 ami'oprotllLicthoxys|an" 1lr,S1. ,l ,"rnning t,r* microscole (SFM)was
uscd to meanLre ! tbrc-ditulce ptunte bciween rhe pEc nodined sudace and rhe nnnodified sllicor lilride sr.M
t1p. lD 0.1 M KNor sohtion the rbrce nr*eased Drorotonicarh with dr\ra!ce. srbsi.g !o adhesion berween rhc sFMprobe atrd il* PEcrnodiiied mrtucc The nonoronically iucrclsnrg force ; intertrctcd as a steic repulsio! iofce.
ln-easn,g solutlon coDccnrfarnr, ofMgsoj cau\ed rh. appea.alc. of a werk lrtra.rive Ibrce berween lre sFM Drobeard the PEc-modlned suface. Th. magnitude or rhc rtrracrrve iofce increascd ivirh ilcrcasirg Mgsoa ntuLior
concentrar,on. Ttre addiLion of Nlgso! gcncraied |'oor sotverr conditions to. gflfred pEG chains and elmrnared Lhc
sreric .eptrlsioD lbfce, trrcbablr rhtuugli a collafse of ite rerhered ch.nr. 'Ihc interfreLario! of the Mgso! efrecr on
Lhe tethered PEG chalns is hindered br'f the lnct lhat $rrfaces Ljearcd ryirh i\ps alone causcd a canLjt;vcr iisrability
at a sepa.atioi distance ol aptroxnnatclv 25 rm. An attr.cri!r lorcc .r rhi\ tdrge setararion distance $rgeered Lnar
APS teahrent rc lted iD a $rrface cortirg ihicke,

l{elhdr/s: ALomic tbrce microscofy: Rrlj,cthtlene ltlcoi: pol,relh]tcnc oxjde; Stcric rettrtsion torce

l. Introduction

The adsorption ofsolublc poI)mers onLo coitoids
can cause stxbilization ol the colloidrl parricles rn
sdutron. Thc stabilizarior effecr is attribuied ro a
repulsive slcic erclusion force thaL develops $'hcr
the adsorbed polr"m€r chains nrc encroacled upon
by ncarby claius from other particlcs [1.2].
Compressed clains are sLcrically exclodcd irom
thc volume occupied bl ncighborlng chains \rhjch
resisl this encrorchment and a sierjc reputsron

force dclclops [31. Steric repulsion can also resxlr
lfom lhe g.altjng of poll.mer ch,riDs onto surtaces
[1 ,s ] .

Grafted polymer chains are oiren descdbcd as
bcing either i. the 'brush" regime or in the',mlrsn-
roorn" regime dcpendjng on Ure densjt] of grafted
chair! on the surlace. In tlc lo$, surfacc density
mushroon regime. rlc tethered chain can fotd back

pou itself and lnal even have mulriple contacrs
with the su.iace. ln thc high surfacc densiry brush
regrme. the chajn is srrerched and projects irself
normat to the surface. GrafLed chains are useful in
stabllizalion olcolloidaisuspensions,providedrhar
lhe surlace density of the grafted chains js moder-
atcly high. Mosr of the rlcories describing grafred

rCorrcstondmg andror
I Presc.l addFss MolccDlrr Screncc R.sexrctr Centcr. Bxuelle
Paci6c NorLlNen Lab.fltorr. Richl"nd, $,A 991i2. rjSA

0927 175t.'9"1r$07.00 l.r 199'1Elsc!ic. Scierce B.V. AtLrighl! rescNcd
, r ' , sDr  092 7 ,775 7  (  94)  028 78  -  V
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chains assume the grafted chains are brushes which
simplilies the calculaiion of the polymer s€gment
density distributions within the grafted layer.

A l r l o  r g h  D r i m a r i l )  r c e d  .  \  J  r  n d e  i g  d r \  . i .
the scanning force microscope (SFM) [6] is
increasingly being used to sludy intermolecxlar
forces. While the sudac€ lorce apparatus (SFA)
[- ]  h: , '  bee. l  rbe sr.r . lddrd rec\ nique lor mea.u-; ,  s
surface and intermolecular forces. the SFM has
two distinct adlantages that make it useful in
probing these forces: thc rclalively snall interaction
area (as comparcd 10 the SFA) a ows one to probe
lbrces on a submicroscopic scale, and one can also
use ihe sxrfaces of opaque materials.

The SFM neasuremcnls, howcvcr. do not
include an hdependent neasurc of absolulc sepa-
ration distances betwccn the interacting surfaces
and therelbrc can not be considered as a replace-
ment lbr tho SFA. Some of the iniermolecular
forces lhat havc bccn probed with the SFM ro
daie are van der Waals torces [8 10], electrostaric
! l , l2 l ,  htdrophobic.  [1] .141 and sler ic repulsion
forces [15,16].

Udike previous work on physisorbed polyethyl-
ene o)iides [15,16], this s'ork uses thc SFM 1o
m€asure the steric repulsion forces tha! are gener-
ared bi  rhc ror-p., , ion ot S,d/. .d polJerb).e. le
glycol (PEG) chains. By tethering a polymer cham
to a surlace through a coval€Dt bond, the codor-
maiion of the chain becomcs markcdly difi€rent
lrom a phlsically adsorbed polymer chain. While
physicall) adsorbed polymer chains are modeied
wilh the trains, loops and tails model, grafted
chains are nor. lfthe physically adsorbcd polymcr
chain is compressed. i! can rearrange ils confonna-
tion. One expects no pcrmanent changes of the
conformation of r tclhered chain after its compres-
,  or.  One i l . .  c\pccr,  lhar repe-Led compfe.\ ion
decomprcssion cycles performed on an assembly
of lethered chains will generate identical forcF
distance plots, unlike the case ol physically
adsorbed polymer chanrs [ 16].

A typical force response (an SFM forcc plot)
obtained for a clean silicon niiride tip interacting
with a clean, flat silicon nitride surlace in 0.1 M
KNO3 is schemaiically shown in Fig. 1. In the
absence of electrostatic and hydratjon rcpulsive
l o r c e . .  u f e r  h c  S F \ . 1  r i p  a p p r u a ( h e .  r h e . u r f r ( e .

adrdced sanple posilion rebacred

r ig  l .  Aschcn l l i co la r rp rca lSFMfor€p lo t lo ranunr rca tcd
plasnia cl.ancd Li! and silicon nitride srbsirate in ivrtcr
Depicied in rhc ngurc arc the relltrve locarions ofrhe tip ard
$tbstnie and extent ol .anrilcrcr bcnding al a nunber of
FslLl.ns on the lorce plor.

van der Waals attraclion beiween the tip and the
surthce resulls in the bending of the cantilever
towards rhe llal surface which is counteracted by
a cantilever rcsloing force. The bending ol the
canrilever is measurcd by the photodiode detector.
When the force gradienl cxcceds the cantilever
spring constant, ihecaniilever expcriences an insta-
bility, the tip is px1led ioward thc sudace and a'Jump" into contact occ rs. In thc case of a non-
deformable surface, tbe rnovcment ofthe cantilever
and the sanple surfacc becomes linear and iden-
tical after the conlacl is established. The net force
between the tip and lhc samplc can be calculated
by multiplting the spring conslart by the distance
the sample lras novcd. a:bi. Retraction of the
sanple olten resulls in an adhesive force between
the tip and lhe semple. Although no independent
distance measuremenls are performed. a zcro sepa-
ration distance can be assigncd to tlre intersection
between ihe linear pari ol rhc lorcc distance plot
where the SIM tip rnd fie sarnplc surface travel
in coniact and ihe zero lorcc linc d€termined by
the resti g position ol thc caDlilever.

Fig.2 shows schomaticdlly an expected SFM
Ibrcc plot in the cffe when the surface h grafted
with PEG chains with a surface density sumcjenl
for brush formation. No lonser is there a jump
n l "  \ . ' n - ( l  . i n c e  l L e  r e p u ' i ' e . r e r c  e \ c l u . ' . r

lbrce dominales the attractire van der Waals force
at all scparation distances. Note that in the case
of grafted chains only a r€lative separation distancc
can be assigned lo each lorce dislance curve

n
9

tq

{
E
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advnced sample position rctacted

Fis.2. A schenatic of a tlpicdl SFM lorcc ploi lor a
polyethylene glycol grntted silicon nitndc substare and a
plasoa clea.cd d! in Narcr. Also shown i! the 6guF are t[e
rclativc exienis of polyerhylene Elycol chain conpEssion !t a
lunber olpositions on tle force plot.

because tlere is no way of knowing how thick is
the compressed brush layer between the tip and

we have used a self-consistent mean field lattice
theory to predict the forces and force gradients
that are gererated upon comprcssion ofthe gralled
PFG chrin ' .  The rheor).  .mplcrrenred ".  a lumer -
cal computation using program GOLIAD based
upon the Scheutjens Fleer theory [ 17,18], can be
used to calculate the free energy change as chains
grafted to flat plat€s are compressed. Derjaguin\
approximation is used to calculate the lorce
b€tween the flat suface and the sphedcally approx
inaied probe tip from the computed free energy.
These computations were used in determining the
magnilude ol forces one expects to measure with
cuDri le\efs of J. f ferenr .pi .ng (o,(rdnr\ .  A descr p-
tion of the GOLIAD program has been given by
Barneveld [ 19].

2. Expedmenfal s€cfion

2.1. Computution oJ the interLtion energies

Grajted PEG was modeled as a polymer with
the sequence N[CCO"]B, 'vhere x denores the
number of elhylene oxide monomer units in the
chain. The temiinal groups are the end through
which a covalcn! bond with the surface is formed
(Nl and the free methoxy end (B). The other

W W W W , M

componenls in the syslem are water, w, and the
surface, S. The Flory Huggins interaction param€-
ter /, (h frT) is specified for each pair of compo-
nents in the system. The methyi end group, B, was
treated as a methylene unit, C, and it is assumed
io have the same interaclion energies as the methy-
lene unit does with lhe olhcr components of the
system. The value of the jnteraciion parameiers
lco, xcw, and t*o, iaken from Barncveld [20] are
2.0, 2.0, and 1.6 respectively. The methyl and
methyl€ne units are assumed to have an inreraction
parameter ol 0.5 with the surface. In order to
simulate a covalent bond, all N units must have a
strong irreversible interaction with the sudace.
Du-ing he corr.e otcompu.ar ion. rhe N lernJnu'
surface interaciion energy was incrementally
increased ntil all Ns in the system were in contact
with the surface- It has been found thai a value of

300/.T is sumcient to covalently bond a[ N
termini with thc suface. All other interaction
paGmetefs arc assumed to be zero. It was assumed
that the sudace coverage equaled one equivalent
monolayer lor PEG; this amount was ir agreement
witl tle coverage measured in a similar experimen-
ial system [21].

2.2. PEG g altine to Lhe si\con nitide sutface

Th€ silicon nitride surfaces and cantilevers were
cleaned for 5 min with an orygen plasma at 25 W
and a press re of 200 llmHg. The procedure for
coupling PEG to the silicon nitride sudac€s
involved a su ace lreatment with 3-aminopropyl-
triethoxysilan€ (immersion of surlace in l5-min old
5 vo1.% aqueous APS soluiion for 15 min) foliowed
by attachment of aldehyde terminated monomcth-
oxy PEG to tle sudace amine through a Schili
base reaction [22,23]. The presence of PEG was
verified by th€ appearance of an ether carbon peak
in the X-ray photo€lectron spectroscopy (XPS)

2.3. Force distance plats

SFM lorce-djslance plois were always obtained
in 0.1 M KNO3 solutions initially. Force distance
plots in MgSOr were laken by exchanging the 0.1
M KNO3 solution in the fluid cell with sohtions
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conraining N{gSO1. The MgSO4 concentration was
i creased or decreased in 0.2 M sleps. Since the
refractive index of soiutions depends on MgSOa
concentralio , ihe hser light passing through the
fluid became misaLigned with respect to thc photo
o i o d e  d e r e c r ^  a ' e .  r h .  V p S O i  . o n c e n  r . . i o
was changed.It was necessafy to rc.tlign the photo-
diode detector before each sct ol neasurements.
Whenever possible, the setting-up ol the SFM and
the alignment of the laser beam werc acconiplished
wilh lhe probe posilioned in one location over the
samplc and then tbe lbrce measurements {,ere
lakcn in a dillerent location. This procedure ena-
blcd onc to obtain force distance plots on prisiine
arcas of the PEG grafted sample.

Collection of the SIM force plots \{as accom-
pli$hcd using a Hewlett Packard 54200AD digital
storage oscilloscopc and a tlewlelt Packard 9300
computcr [ 16]. Thc higlr loltage srgnal thal dnves
the piezoclcclric cryslal in lhc z direclion and rhe
(A Bl/(A + B) signal arisins from rhe split photo-
djode detector were sxpplied to the digital siofage
oscilloscope. The frequency of SFM forcc mcasurc
menis was I H4 i.e. the sample approach and
retraction speed was approximatel) 74 nn s L lor
PEG grafted surlaces and 0.7,1!m s 'for the APS
treated sufacc. A conputer program $as wriilen
to calculaLc lorcc and djstance traveled b], ihe
samplc. Forcc was calibrared from ihe linear part
of thc lorce distance plot $'here ihe SFM tip and
L b e  , a r n p l r  ' ,  L , '  , r r ' . l c d  i  ( o ' r a L  U '  D !  \ e
cantilever spiDg con$LanL and ihe:-enpanslon
facior of the piezoclcctdc cryslal (10 A v t). The
Tero force was defined from lhe resting posiuon ol

3. Rcsults

3.1: Computer nodcling

Figs. 3 a d 4 summarize the r€sulls ol lhe
comp ter modeljng using the self-consistcnl nrcan
lleld latiice rheory. The free enefgies conrpured b)
rhe GOLIAD program for a symmclrical 1]at plate
geometry were used to calculalc llre lbrce between
a llat surface and a sphericdily appro)iimalcd probe
r . p  I ' n  i . r  n  r " d  ' r . J  . r . i r  s  D e  j / g L r i . l  '  d D p f  ' \ i m r -

1 6 3 1 0
scpmron dnrdce (m)

Fig I Prcdictcd $cric rcpnlsion force rs. sepaFdon dislance
dara based on GOLIAD conpu(.liors lor 2000Da PEG
(lixnondt and 5000D. PEC (squar, gnllcd onto nllcon
lnnde sura,..s using \rai* as a s.lrc.t r.d a eraiinE density
olo.c cqnlnlcnt nionolalcr oIPEG segmeni on eacb sudace.
Th. lrcc e.ersr vs dGlance GOLIAD compltntion Fsults
rcrc co.lened irto force rs. dniance lsins Derj.guns
alproximxtior a$!min-g a 20nm radius spheioal tp. The
cnNes repEsent lhe analFical equatrons detemrined liom least

Fig 4 PredicLed liJrce grndrenr vs. scparario. dislanm daixlor
:000Da IEG (narnondt md 5000 Da PFC (squarct graltcd
onlo llicon niLndd surlace!. These cui\'es $crc calcnlatcd bt
trkrg rhe deivxriles !I Lhe dn.lylical exF.$ions dclcflnrncd
Irom lenst iquarcs diicrc.cc snown in I is. L Sho$r by two
.  . , 1 d 1  , d  i  , .  r , . r i . L l e .  b e  1 . ' "

consrrts olthc two cxntileles lsed in the SFM erFrinenls
Thc {cfic cxc[Nion lorcc can benrexsuEd urng eac]r canL ever
.nl! uf to thc scFration disrances nrdiclte{l b} the dows.

tlon. lig. 3 sho$'s the predictedforces which lvould
develop upon compression oftwo layers ofgrallcd
Pl C (hr i  . .  lhe .$uned PfC .u.t"(c Llr ,  . i rJ
was one equilalerlt monolayer oI PEG segnents.
As expected. ihe forc€ produccd is greater lor the
5000 Da (squares) than the 2000Da PEG (dia
n]ondt at given separation distances. At separetion

I
it
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distances less than 1.5 nm, t.he lorce cu es com-
cide. Fig. 4 shows the gradient of forces from Fig. 3.
Shown by lwo horizontal dashed lines on thls
figure are lhe magnitude ofthe spring constants of
rhe rwo (anl i lerer.  u5ed in rhe erperimerls.  At
lbrce gradients greater than th€ spring constant,
th€ cantilever could not compress the cbains fur-
lh€r. Instead, the cantilever would deflect upwards
together wjth the partially compressed chains leav-
irg J regon oI separar ion di(rdnce. i rd iorces
inaccessible for measurcments. For ttre 5000Da
PEG, measumble forces would be obtained in
the 4 7nm rarge of separation distance; for tlre
2000Da PEG, 3 4nn1. This variabiLity would
deperd on cantilever spring constants and a mmr-
mum detectable forc€.

3.2. SFM force-(IistunLe plats

A typical SFM force distance plot for an APS
treated silicon nitride suface and an oxygen
p l a i m a  c l e a n e d  r . p  i r  0 . 1  M  K N O ,  i s . n o s n  i r
Fig 5. The r iD. be;ng negr ' , rel)  (h.r fged 1.24 2bl
a! pH 5 6, was attracted to the positively charged
substrate [27] upon approach, causing the instabil-
ity ofthe cantilever and jtsjump into contact. The
retraction cu e showed a large adhesive force
upon separation of the tip and substrate. The
assignment of the zero separation distance indi-
cates lh.rr  rbe can|| lever rn\L-bi t i l )  rDd rhe iunp
into contact occurred at a separation distance of
20 25 nm- The odgin of the cantilever instability

at such a large separation distance js not known
and could nol be predict€d either by the larg€ly
scr€ened elcctrostatic force existing in 0.1M KNOr
solution. or by the van der Waals forces-

Wlren PEG was grafted 10 the APS treated
silicon nitride sudace, the SFM forcHlistance
plots were differeni. Fig. 6(a) shows a torce
distance plot for a 2000 Da PEG grdJted onto
silicon nitride substmte and an orygen plasma
cleaned tip ir 0.1 M KNO3. No longer is any
attractive force obseNed; any attractive cortribu-
tion is dwarfed by the repulsive steric contribution
due to chain compression. Fiss.6(b) 6(e) show
the effect of jncreasing the MgSOa concentration
trom 0.2 to 1-0 M on force distance plols. Up ro
corcentrations of0.4 M MgSOI (not shown), there
was no indication of chang€ in the shape of the
forc€ plots. A1 a concentration ol 0.6 M MgSOa,
however, an altractive force became discemible.
The magnitude of th€ auractive force increased
gradua y as the MgSOa concentntion was m-
creased. Upon reduction of MgSO4 concertration,
lhe attractive forcc gradually diminished and the
repulsive lorce began to dominate again. A
rcpeated titration wirh th€ Mgso4 resulred in
repeated behavior. In all cases, the retraclion culv€
coincid€d wjlh the approach curve and no exc€ss
adhesive force was noted.

4. Discrssion

The presence of salts in aqueous solutions ot
polyethylene glycol reduces the water solvent qual-
ity. At a crirical concentration ofsal! rhe polymer
segment segment interaction becomes Feater than
segment solvenl interaction and phase separation
(pr€cipitation) occurs [28 30]. These changes are
results ot (i) cbanges in the hydrophiljc and hydro-
phobic interactions among polymer and solvent;
(ii) changes in water struclure brought about by
structure making or breaking ions, and (iii) influ-
ences of salts on the hydration sheaih of the
potymer [28]. Trivalcnt ions are more effective
than divalent ions, which in lurn are more effective
than univalent ions.

The behavior of the grafted PEG, as reflecred
by the SFM force-distance plots measured in the

0

I - 'o
l 1 5

t

0 50 100 150 m0 250 300 350
snlle displaccneni (n6)

-50

I
Iis.5. SFM lore dot ofa! APS rreated silicon.irridc surtace
ud an orygen plasma cleaned AFM plobe tip in 0.1 M
KNOr An atlmdive junp into contact upon approach is
obseryed 20 25 nn fiom thc assl$ed zero selaration distarc
point. Upotr reiraclion, a largc adhsive lorce is obsened.
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- 5  0  5 1 0  1 5  2 0
sample displacencnt (rm)

l 0  5  0  5 1 0  1 5  2 0  2 5
Mnple displlcenent (nn)

presence ol varying concentralions of MgSOI
(Hg. 6), can be interpreted as lhc effect of solvellt
quality change. Collapsed PEG chains would nor
produce steric exclusion forces, whereas extcnded
chains ould []ll. MgSOa was used in these
expenments sincc the theta tempcrature equxls
room temperaturc (299 K) at 0.s0 M t301. The
use of univalent ions was not practical since the
high concentration rcquifed for tlle collapse of
PEG chanrs incre.scd ihe refractile indcx of the
solution in tbe SFM fluid cell and would misdlign

, 5  0  5 1 0 t 5 2 0 2 5
sanple distlaccmenr (in)

5 0 5 1 0  1 5 2 0 2 5
sanpledi6plaene (m)

lhe SFM optical lever. Of rhe lrivalenr anions.
only phosphate ions were preliminarily studjed
s i r c e  r l e i r c . r ( c n  r r i o n  e P e c  o n  P L C c ' o u d p n
temperature is closel)' rclaled to theta temperature
[28]. Phosphares, however, are known to hav€
spccilic interactions wjth silica [32] wbose suface
is closely related to the sudace of silicon drride

The expcdmental behavior of rhe grafted
2000 Da PEG can not bc directly compared wrth
tle rcsults computed from the self-consistent mean

€

25
E

?
E

?
E

r 0  s  0  5 1 0  1 5  2 0  2 5
1.) enple disphement (nn)

Fis. 6 SFNI lor.c disLbce plot of a 2000 Da PEG grnfred siticon nitide sudace and an o\ygen plasna clcancd ri! rn 0. t M KNOr
(a) TIe no.oionicall' irdeasnrs crNc is due Lo .epulsive sieri. cictusion lbrces. (b) The addxion of 0.2 M MgSOr does n.i
measuablt cha.gc the rpllsive stdi. cxclusba iorce. k) Wirh rc lddirjon ot 0.6 M MeSOa. a weak 0.j nN aLrnctive for.c is
obsencd. ld) At 0.8 M MgSOJ, a 0.2 nN atracrrr€ force h obscrved (e) At LO \f MgSOi. Lhe attractivc f.rce is noy 0.3 .N. The
attractive lorcc disaplea.s a the rctuhile sGnc exciusion forcc k re$ret br a de.rcase oIMgSOr con.cnrrlLion.
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it

lield lattic€ theory. The sepamtion distance could
not be measured by an independent means. This
is probably th€ most serious diadvantage ofSFM-
The theorctical predictions refer to a symmetflcal
system, i.e. two gratled polymer layers interacting
with each other. In addition, lhe application of
Derjaguin's approximation requires that the radius
oI the sphere is much greater that the range of the
force, an assumption that ls hardly satislied under
l le prcsenl e\peri f ferral  conLl iLron..  Thefetore. rhe
computed tbrccs (Figs. 3 and 4) car se e only as
an illustndon for ttre limitation of SFM force
distance measurements. For example, one 6nds
that the SFM can only measure a small portion of
th€ steric lepulsjon force {istance curves (Fig. 4).
Whereas the weaker cantilevers (0.064 N m r) are
more sensitive and are able to measure small lorces
at geater separation distances, they are unable to
compress lhe PEG chains as much as the stiffer
cantilevers (0.37 Nm 1) do. The incrcased sensrtiv-
ity may actually be disadvaltageous. The thermal
noise onemeasures with the SFM [33] may exceed
tle sensitivity of lbe cantilever to the point where
rhe lorce gr idieir  e\ceed\ Lbe canr: le!e- cp'rng
constant. ln some circumstances, the cantilever
stops compressing the graft€d chains before the
dellectlon signal exceeds the noise level and no
pa of the force cu € is measurable. Such would
be the casc lor the 0.064 N m ' cantilevet uo!!
pressing 2000 Da PEG chains with a surface cover-
age of 1 equivalent monolayer. Figs. 3 and 4
indicate that the strtrer0.37 N m' cantilever couro
measure a larger portion of the force.iistance
curve. A11 steric repulsion experiments, therefore,
were pertbrmed with the stiffer cantilever.

Up 10 a concentration oI 0.6 M MgSOr, the
gratled PEG layer shows no visible change in the
repul5rve sl<n( e\cl , rs ion lorce. lhc bel 'dvrol
dgrees $.rb Lhe slared \alue o10.5 \4 \ . lgsoa iol
thp concentration at which the theta tempemture
equals rcom temperature. At greater MgSOa con-
centrations. the collapse ofthe grafted PEG charns
diminishes the repulsive steric exclusion force and
an attnctive lbrce begins to appear. ln solution,
the collapse of free PEG chains would be a discrete
first-order transition. Thc gradual increase of the
attractive force indicates that the collapse of the
grafted PEG chains is not a discrete first order

transition. This behavior is in agrecment with the
theorelical predictions of Shin ard Cates [34]
and Zhulina et al. [35]- The ellect of MgSO! on
thc force distance plots for surfaces grafted with
5000 Da PEG (not shown) did not difer apprecra-
bly liom those of 2000 Da PEG. All force measure-
me.]r .  {<'e pertormed in "  d}namic fa.hioD ucing
the slowest available frequency (1Hz) and the
results (Fig. 6) show thal the approach and retrac
r ion lorce. concded AlLhough .he conpre*ion
speed was ralhcr slow (approximately 75 nm s t),
more measurements in a wider range of frequency
are needed to determin€ whether the measured
forces were jndeed the equilibrium forces or rot-

The occurrencc of cantilever instability and the
jump into contac! of the plasma cleaned lip onro
the APS treated sudace at a separation distanc€
of 20 25 nm was not erpected. This phenomenon
could not be explained by the largely screened
electrostatic force in 0.1 M KNO3 solution, nor by
the van der Waals forces. Our hypothesis is that
the effect is due to the presence of more than a
monolayer ofAPS on the silicon nitride surfac€. It
is possible thai APS, being a tdfunctional silane,
polymerizes to fo.m a three-dimensional polymer
network on the sudace of silicon nit de.
vandenberg cr al .  f16r indic".ed r l -ar pL, l lmef i /a-
tion occurs continually in liq d APS and distilla-
tlon should be peformed prior to reaction with
t-he sudace. This precaution, however, does not
prevent the possibility of an aqueous APS cross-
reaction prior to and dudng the immersion of the
siljcon nitide surface which could adsorb and/or
react with these polymer networks. Boerio el al.
[37] have indicaled that even a{ter washing wrth
watet a 6 nm layer remains bound to the surface.
We have recorded lhe SFM force plots for suffaces
treated with other trifunctional silanes and fourd
similar eflects. To elimirate tlle possibiUry oI silane
polymerization, a monofunctional silane should be
used. For example, rhe SFM force plots on
hydrolyzed isocyanaropropyldimet-hylchlorosilanc
(IPS) treated silicon nitride surfaces [16] showed
the attractive forces that can be predicted by the
DLVO theory. Altlough the PEG coupling to IPS
defiyalized substrates has been achieved [21], the
SFM force {istance plols in these syst€ms, how-
ever, have not been measured.
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5. Conclusions

This rcsearch investigated the forces generated
Irom compression ol grafted PEG chaiDs in solu-
tion experimentally by SFM. The compulermodel-
ing indicaled that steric exclusion forces gencrated
Irom compression of two layers of 2000 and
5000 Da PEG are indced measurable by SFM,
pfovided cantilevers oftbe appropdate stiflness are
used. The spring constant of th€ weaker cartilevers
is quickly exceeded by t-he force gradients making
them ineffecti\re for measuring lorces at short sepa-
ration distances- The SFM compression €nper;
ments on 2000 Da PEG chains grafted onto silicon
n i r i d c d j d  d e m o r . l r a l e  r  r e p u \ r \ e  \ l ( n ( e \ c . u r r o r
fo '(c Tbe aod r ion ot \4gSO4 ro lhe .olu ion
reduced the solvent quality and coltapsed the PEC
chains. This collapse was a continuous one. unlike
the firsforder phase transitions observed for free
unbound PEG in solution. The collapse of the
chains was first observed a! a MgSOa conccn-
tration of 0.6 M, which agrees with solution thera
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Polymer Surfaces for Cell Adhesion
I. Surface Modification of Polymers and ESCA Analysis
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Abslract

We modified pollner srfaccs. polyethylenc. polJsryrene an.l polyest€r. to im!rcve c€u
.ompatibility. For surface hodification ol rhe polymers, we us€d varjous surlbcc rreatmenr
methodsr physicochehical oxidation merhods snch as ptasma dischdse. .oroDa dishdsc,
8llfuric acid aDd cLloic acjd lreatm€nts. and bioiosical nerhods such as a.lsorption of ptasha
lrot€in and fibrone.lin onto the polyh€r surfaces_ The trcat€d polymer snrfaces w€re charac
terized by clectron sp€ctroscopr for ctr€mical dalysis (ESCA). Thc physicoch€micalty |reat€d
poll'mers show.d djff€r€nt slrface chemical srtucrues .tepeDdins on the teated method6. The
suhric acid treated sufaces shos ed greater carboryt sroups than thoe of ltasha or corona
trcat€d surfaces, whjle the cbloric acid feat€d one shorv€d high dersjtr ot byd.oxyl sroup
on the suface. BJ th€ biological trearnents, rhe sunnces we& unifooty .oat€d widr ploreiro.
The fibror{rin adsolbed on ihe surface wms ro haye uniqu€ lroperries for .ell binding.

el-l El rl.-1, +eet ++"t .++"i:.t+ + r+4+ .t+;J .J+*71 'rt*.j ?l+,= +atel4 i lE-a i l+ :-,1:+ qtnl+7]+ oJ+1?l ?f q: 4e. qt+*71 = .Jntlrtorl dtrtrta+dl
e t l l i r l  6 lz l ' . fn, l  6F: . l+€.1 4l4l?e-r- .J i : . r l  q 4i j=+i l  +:r l . l ! f .  = ol€-al . l  o. t4
el ;!"i.lr :.1+ 5;l r+:l ite: .J++71 .rt.rt +"J jt *:.,t, .tal qt+ ,l:tLrt ?+r]+e

P.lymer Research Lab- 3. Korea Research rNtitute orl 6J:rlLi9 ol?lzf?l +'!e'l+ rl'q +ll+:

<Ci:  1989d 6Et9oJ>
++ if6+ {+jr, r+:} :rl3ot+l

of Chmical Tecbnology
'rjtah ql n+i, 4 4+ilrl'Dept. ol Bio€lgineering, L'nj'€rsity of u tah, u.s. _{. .,lnl.rl "lrlal ,Jnl l+i1+.1 :i"l.t 6J]t ++



€rcr6;i:fl 10*, ff I tt 1989f -

"t rl .t el l+.J "J+ ++ "J + 3 E irl d-+,rt = +
. a  : ?  . l  l , l  . .
o o r . r .  t , ,  e  1 , l  " e  

.  . l  1 . . '
+'rl eqrl 3r €+-L'+ +g4,lzl "*+.f ++.
r - o , i  q l o  ' ; 1 q  , . '  "  , r . r ' " l  , ,

+,1+9 rL ,!-rr,t 4e+(red btood ce B or
Fry tuo.yr" . ) ,  "  ' r  (sh i  p b lood l l8  or  l " , lu
. J t p " , ,  d j  r p . a L . l . t s )  : j '  ' , .  

"  
) . '

, . , " , "  J  " I J ' r . l r . t o , .
p l a . m a , " ,  l o  3  . L ' r  a e  "  J 0 %  r "
.  " 1  r 0 % l  . I  J : l  : ' . 1  : 4 q " ]  . ,
nl, -j1nl .J+? .l 70% AlL,l +,{.11(plasna
p r o  F s ) 0 1

i l ,  " . . " .  J l o  o J .  o d r  o  r

++ l=: ; l j1 '.1:-e.rl"l .Ji l 'r l  * 'J+l "l
+4!+ ?+;f21 sl"J ++.l.rl.r l ",t, i1.1 "l+
€ jr'tdll +:+;t7I il.r, r-aql;ll dl el,lzl el
.rlql .-4+:jl9 .Jn_4+"1 +{5lC "'rlt4l
.3. . . r  J !br lcr  b looo .oacr . l rL .or  - ' . ren)
"el91zl !;€€*(extrjnsic blood coaculation

\ s r F r ' - !  
- 4 '  |  |  :  J & : - : . 1  : " .  i : e

! : i  t s " |  . . r . 6 r " r J o o '  :  o

- * 3  
" '  J ' ' n t i  o  t  ' q t -  "

"-f,e,J I (thronboresistance) "+ 6j+rl,l +,1
q+ "qil4,l ?l-'-,1 zl'J 30 dl t,,! ?rl+'l'ltrl

hclium or endoihelial su ace)"4 ,Je elq+

+ea]]3 ult '  n?I ,11+51,1 +;Ii "ql: !
i " l  L  t  l , t o : " q  I t  ( F n d o . h p t i a  f  r ) -
r+ +"t .r: :]3 4+e 4la:"1 +"J+ (qt I
nncion +,I) e- e- "Jtl!l"l .l+"l1l i.1dol4.
-a+,1 L$el ;+nri]:+ ;]*rll=71 il-:! ;f
+9 'J.J !!e_ "let?+ rl.!,1e+ r+.f ..rr"l
dl itil;l?l "l4l.l7l +EJ oJ;l lrl ;l!.1 Lrl 'lrrs
'+ +rt;. !  eed:Jg : l . l i , l .  9l, f  el l l+. oJ
"  I . o  . :  ' "  e  n n  J "  - . .

? o . o  I  r  |  '  - /  " . '  , r ; : l

i-4.,14.
J :  +  o i  po  ) "  hy tp  rp .  oo l j sLr ,  nF

Tab l .  L  po  y r " r .  r f8 .p  rn , l i - .a  h r  ne  ds  -sF . .

-{. O? piasma dischese
B. CoroDa dislalge
C, Sulturic acid treatment
D. Chloic acid tleat,nent

IL Biolosjcal
A. Plasma proiei! adsoeiion
B. Fjbron€ctin adsorption

1 l q  j 1 . l " 1  '  '  I l  -  r i
ql+€rJ .l]!le 9tl l!"1: pollesterel '9€3
!184.! i l  ol +E+ . l" l4al *.B,.rz,r l3; l1l
.|(i 1). dr .c+4.jlrl ;J+ :l+ ?'lorl 9;1,
,:i,"' al-.-: ,r;.3 sEig.l: Cr-X! d+i
g ?l-aL i"l"i,l rl al ++ :l1r.fe!- a+4
rtnet "J+t-3 6!+11717l +l:I  =+="1 +d,
,  \  " .  .  sLL , r r  a . rd,  .h lor i  ac d lJ  ",J+ +q'l+zl '*4ee 3d+ +rlrld4. j

!|rl"l+ -r-$6llil +El-Lfri !++.:l +r: L3tfji

eletron Bpeirosopy for chenical drlysjs( ESCA )
ql elsl] +.1;19+. ]lnl 4++zlt r-pl il Tl
'JB q"-il 4a+4 I4*+-tl +sl.:l e oJrl
1l fibronectin 6l .Pa rs' fibronectin ol i: +:1 plas-
ma proienrg r+zl xd"rl +4rlrJ + .t:l
E s c q  i  ; l " l q . o l  )  l -  "  I r :
-:  ?ft n+zl gd"l .r l+ zl+4.r1 . l+?l . ,1;.f
+ " l7l: ' l :  + : +_.t +j l(pafl  [  )ql!  =4

2 . 8  : d

2 I ia=rf ^ E "f ^leel 5^la
rr:1 i1+,1 rln: +,141?l e"l ++q"l

d,l,l oJ: :l:lE polyethylene(LDPE, ;.!:]4rl)

film, poLysiyrene(Ps) plaie(+)J,f E jrid':

(+)). polycthllene terephihalate (PET) liln
' ! i ,  . . q . . :  ;

: l  erhano or l  2al  ' l0  J  '  L '  rb-on
cation r1,.1+ ethanol-a ol4dJ ,rl:;l"l ,11+

,J=+ 1l+ 'rlrlnl"lEl.rl ̂1.+rl/4:l !++91:f
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- r tE 1:J4 ?t, l  +€<rl  +l ;J t+

q: rli+ 'E{e ESCA.i 9+ ++ ?j} 9e}
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2 2 +EJ,NS EJA

t) r],i :r+=rl rf,{ :l rl
E €+4.114 4nl illr+ Beu jar€ :el=

"l 'J? +il= trl+;194. i+,1 -11j|9 :lrl
r+a q =,J+ 1eJ. 1+,J4.

o, inrui rate conhol (81r mllnin) > sy*en pr*ure
.u ,  - oL  l c . 3 ,oa

RI sarrabr, on iinpui porcr, 150 nA)

v

v
Eiperinenl (!s soon d PNible)

Fig l. Plama djeharging proc66 and operation

2) -1-z+ *d 44
' l  l  :  . l  ,  l " l , l  ' l  - l  a l  ' l t  .  ' ]  . J r

d , l  " 1 3 ; .  I  " ' 4 1  ; :  I  ' . d ' 6 . r  .
5+ 7l e161914.
3) Sururic acid i 4

]:-+.irl n+,1 ;te= {+ +.}(e8 %)"t"rt
10+'d+ 'Jl,t'+4 4Lx,+ iii+(MPt uttlapure
w a t P r  s r 6 t F m j .  ' l i l  1 ' J  3 .  1 .  J i ' '

electode: l0 ft

^l+4vj 70% perchlolic acid(Hclo,)4 i*
d 'dd , t  o l  po ab6:Jm .h lora," (Kc O. \ .
.  ! s  n r o r i c  a . : d  m : R L J F  3 " 1 " i  ,  r ' 4

1 1  r 0 3  -  . , ' J  . " 1 ?  r q  I '  i  " r C  r
t.ie €?l;l il:l;l-a a-* A.:.rla4.
5) Plasa protein 9-+

I  j  . t  ! e t  t ; 1  " L r  4 { ' - l  '  . r r  i  I  " r
.q+ il1,?;lC +=+ standard hmm plasa
(.)opn:l:zFd powder, S:gma) phospbele brf'F"

s e l  l e { f B s , p H , . "  7 . 3 )  3 " ' d  B " n  l J  - r - :
t , ; : . r  d l  , l " J t  t : d l  r 4  l "  J 0
i . ' .J.q I "t-t  PBS i t6t "t . l-  3 q I
i+:l 4e= PBSoI 30i+ +,1. idol q+;lrl
J " J  " l  :  i  J l l l ' ' ' l  l f B s 4  d ] 1 l
d 2f zl;Ij1 :i+e 4lg;lol c+ z:!rla+

B o v i n F  p , s s m a  , . i , l  i  l r o r o n p . r i l l J o !
h: l i?"d po-der ,  s  gnE) 9 pB\ /pH , .  . .J) .

3 . 1  ' . r t  
" g  - , .  ; '  - o .  . l d

, i i . l  I .  -  r r o r o n r r n  g " l a l  I  I _ r " . r  , ;

" l  f ibroDe.Lin 1 ,  € I  " r l  l i  1 '1 ,  l .  I
I  l - '  P B S -  . l , l {  t l  l r  l :  P B S

o  J U€J o  F '  l | ]  p e c ,  . l '  "  | , j J
r; . i+s rf: l  ! l '11;1.4 d-F ?J=rle.l l

2-3 ̂ lZaJ ) ) l

sdiil'l+ j1+,1 rle s_Elqlrl LlEl-Ll: tl
" r -  I  r - r l  ES( A. ,  :  d" l l l .  ESI-A'

"J* X my photoelecton spectroscopy(xPs)+
7r +elnl V.G. Sciedtifi.:lll ESCALAB MK
I noder:. ^l- *;f ol+(Radiation souce, Mg
Kd at 1253. 6 eV; powe. at dode, 300 W).

3. =r+ "; ?g

rr+,1 i le=- .qrl4,1 :4rl+4 *, l l ,qa
lln+rl rl;|tl+dl lle :-a"lel i+n+zl += rd!l-
. . 6 J  , o  . , .  1  i o t  ,  :

' ,  : " J  " l r  , .  | :  p o t J , r n J . " n ,  t L D t E j



:i>

Er+g;n : +, 10 t, + t it 1989+

fitniol olr:l,f,l! rtEl;trl!: ;lq ESCAe i'  t "  t .  [ s . \ . , .  X p r / ,  , ,  . r " l  , j  I

4:;f 1l .ll+'1. J d.{ ,.,r1;}: :l,rr=!l F}"1
'  ' " "  ' a  " r  l , d l  r l t s c c

:t! E ! it s"J.rt .l+ t *: ;?l r!!eq, :t
nql 'J/14-:- phoions (clcctromasnetic radiat

, . . i ' l  ' : 1  A t  I ' l . l
r i{"t l . l+ t+;t?tl 4+-t1i +!, r.1+b'
/ A T R  t R o  ! . .  o i  r  i . '  A  r

, " "  [ s . \ l 4 l  r l  " ; . 1  I
q  l .  l : s r ' A  r d  I  " l i , , . r , r  F r F . r , , ,  I
- . , ,  ,  I  r o t  p h o  o  , -  " o  , - r  a " l , l
'  ' I  

: o ,  - .  ?

E S C A ,  i  "  . t J : t .  " l  i t t .
-  :  "1.  "1. I  . {  ro , t  . r  lhorol

. r F . s l r l l r  I  i L  )  .  , l  I  . " J
' " , . ' l  / E b )  e  . : " 1  ,

+orllJ?l(nk)+ 4d .ltrlll *=;l7l :L+.EscA
.rl ul +51+- 7l+ *e4e-,

Eb=hY Ek

i !  .L :  o l l l l1 l :  c lechon vol ls(ev)e a/ l€
.1 .  +: ! l :  r l , le l  + 'dolL l4= +3; lEe4
el 2.l"rl el6i il,i"!4lrl azlS-el ':+"rl'l.l=
113+-i,l '.]4. ,1 :Lr'-:e 1 +Jiorl 4"lil
lr: eJ4 =el zlEr 8.}:l.l rlel! -a+el T.r iror
! l , l :  ?1?1. ?. +={ ,:+. i l l , leri t l  =: l ]
6l!- 4Ji=el +-+el -11j.:9 4ilzl 4++=
!J oJ+9lrl {'i.Lri Lrr

r4. 2:  ad: l" l= ; f l lg+ LDPEnI +, j l
=il=!l i}.alilzlqL LDPE l.r{el ESCA suNcy
scan spe.tNm= : rr.,l +7 9.1 +. iE$ ,l Jl € ;f
,1. !++,J- i (-rd.  2(A)).  LDPE"I Elr .-5-a*
?.,t,t.t t1 crl+.rl ?+olLlzl 28s ev ++dr

"t t.++ +.i. "tz,l +Ef+'l ?;J.jltrl s32
cv +3qltrl i-.1: ;a+ qa: +:,rr nl.zoJ
nl. .1+,1 ;leel +,1; +il.i 4+ 1ea i
3e + ".1+. ?+oll ! l , l  770 cv .3=4 990 cv
++41 Ll!+!|: qr:e,P+ 1l4ef qlri-:- r"
r l  rr ,J4: Auger pcak:. l " f . t r  L '  . le l . r '
LDPE r1| i : :  1lr ' -  : r l . . " fg * l i lq ;14. ' l
,:1. rri,l+.lol el;ll 1!tr "lr?l :,ll +El-.+:
! l ( ] a J . 2 ( B ) ) .  " l =  j .  ! l a 9  p J z l c l F  - e€l
+6rl'J n\l el r.l: r!r'-el EJa,l 22.4.77.6
aiomic %e .fEl"',|.],.

.i"J:lrlorl el.H +.1'J rz+zt rleel nlirlzl
r-=drl, 4 i.:l"rl +4€ 1149 +iiz (futrc
i.iolal group ) +.Eri]J +4 'l=r +: rlli "l i
scanning+ C'lS core level specirunL,:. : !i al
qr l ]  . . l+oJr+(rrJ.3) + : .1 'r l r l " l :  . f l l . !*
g LDPIII I  ,J+(r{  3(A)).  c 1s core lcvel
rr4 €iJclLl7l  28s ev(c c boDd)+: l . l r l
LtEt-Lf't+ ji"Jel 'J,,jr'l 1li+:l,ldl elirl 1Lr
e| ,J rit +11 iJ.4l ?: ;;]$ !+r4 zl +=.1 fl4 EJ
iq , :*"r lLl ' l?f  +al l l l  jJ+. = +,I9 +
rref LJdJ?i+i  +:: i (c o)! l  ? iJol l ! l " l :  2 l l t j .
6 eV 3!.1"1, -- , r l - .1 / i fJ:el  \L 'J1"; l j l  EtJ-

1100 r)00 ,100 200
ljn{ling Ene.gy (ev)

Fig 2. Surver scan sp€ctn of LDPE
\  

" , , , , t .  
P  , '  n b .  i r  d i i h d r q p d



-  at+ ?l*d r+4 *.1oi  +!;J er+,

(o'C-o) :rt ;J,Iel .l.rel .l+=6J€ ',If
( . - o ) e ]  J { . r l ! 1 "  : - 2 8 7 . 9  e v  t :  o  o ,  c a r -

bost lare c 'X 4 cebonar.  o-c":  r  L"f

l { 4 1 .  n L -  - !  1 2 8 9 . I  e v e l  2 9 0 . 4  e v  l ! - d
4"1+4.'z0)+ n+il 7ts9 ++:14.I 9.t

c 15 spectdn ,J.rl 4+g+ "^t: 3+.rlrl,l:
e El+r+ +e f,2te q"t914.

c - o .  c  o , o  c  o -  c - i 9  -  o  c 7 oo  _ o
-286.6 -2a7.9 -289.1 -290.4 (ev)

- , J .  J ( B l  ( 8 , ) 9  o ,  . .  - ; : : . .  j  _
, l t r '  L D P E .  c  l S  c o r p  l e v p t  - p c r r a m , 3
e.l+n 9l+. reJ.3(A)orl!  ei. t  "1449
LDPEe altyl cabon€_i+ +,J!ol !l71 "rl+
4  q  L r e . l  L , l  :  l ? / -  , - ! r - .  d J o , ,  L D p E o r

! .  I  J - 1 '  r d  -  +  : .  , . - l " r  r  o  , r i  d J : -  , ,
. 1 6 l  ' J r  l - - r  e , - i r  . J  o f  i {  + 4 ( -  j a '
J { B \ ) .  J l  ! : . t  : f l 4 t . 1 " r  / . i . i  |  6 t . : , 1
= {:19 E}i5+ alkyl carbon(C C bond, .-285
ev), hydroxyl croup6l ei]rJ carbon (C oH
bond.  -  8A.6 pVr. .sbonvl  .sbonrC:O botu,

291 23! U7 2a5 283 331
Bindilg Enere (ev)

3. C lS .ore level spet.a of LDPE
{A) Untreate4 (B) O, ptama discharge4
(E) Ohloric acid'ireaied

292 2Al1 :8i ld5 l[] rrr
!,ndinq Enersr le!)

(C) Corona-dis.harsed, (D) Sutiuric acid trcared



- srg;;* : ff 1o+. * M, 1989+ -

Trb lc  2 ,  CJmfos t ioar  
" ,  

o l  ov io r /eo  I  d ' r io  ra l  Cr

ouPs on the LDPE Bulacs

c,oH c:o c i3,
E( -?,{A.6) (-:S?.9) l-4!!!

59.5 275
58.2 30.9
60.0 20.0
86.4 12.1

12.1
10.9
20.0
l5

,,o-287.9 ev'. .ebolyl .dbon( f 6H bobd.

-289.1 eV) :ol'1. LDPE9 lle+ 'Ja"lzl
g : n r , . s u l l u |  o . r d r  " a I J  

d l  : 6 " '

C€ 4-j1 ",1e4(r+.3(c)g:l- (D) ), chlo;c acid
'  I  l t :  ' : " ' -  . - j "  

"  
€. ! l  + :

|  +- r 'ydJox\ sroLp' ?- /  r ! lo i  ol- : ' :  o

+914(raJ. 3(E)).  i r  2oi  r le 4+ x"J" l4
d o  b b  o . /  L D P E :  q r  I ' r .  + . '

' o , F  i .  f - l s r 1 . e 1 ! b  Y

4 t+;lol ll.IErl +9lEl. a"l4 ei.l LDPE
, . r o e  . r a r ! ,  q J 9 " t .  , g q '  . { q l  J ; ] : l -
'  d  h y d J o r r l  S r o u p ' l  r '  ' i q  €;  I -  o l ' _

q,Bul fu ic  ac id  ̂ l7 l€ ; l - r lqd :e lzr ! l+  i r

.arbotr l  eroJp" : i "  €;  "
o  - ,  o , o \ .  ,  C n l o r i c  a i d  ' r  : "  i  l  q i  ! ,

6rdJol  b or  n idror \ ,  croLpor -d a ' , la  i j

e 5dF. 'J9+ 11"1= as +il !l91+'
PS 9!l+ chloric aciag 114;14119 C*ql

5 rzJ.46t^t ! : i l  stsorl* l  €,1' lE +;71
I . l .  r y d r o r y ,  s r o r D o o  q  o  :  e€' l r c  O H :

r - o:c NH 
-88.7: e.o:1.4 '. rs"r : ?

" o  r t  r  - 1 9 2 a \  -  o '  - .  L r _  r - i
, ' , b q t  o q t  o . L r - o  \  P S 9  c D p !

trm *4lrle sdg-f, i14l 4E1Lf: ,?lrj i fie i.
' - \saL l l i r  | 'AsL'  Pq b"rzPn ' ins9 '
'" Bhake up transitionql el+ a"l+"'

t+e"J+ 4Ee ^f+!: PE tel ?:+: a carboD

2g4 2gZ 2!$ 2311 236 28J z3

Binding Ends, (ev)

fig !. C lS corc l€vel spetdm of chlodc acid

C lS cor€ level slectra of PET
(A) Unfeatcd. (B) Chlorj. dcid tr€ated

(c-C bond, -285 eV), ether carbon(C

i]#'?J;':T',l"jf-1:;J1l o'c b'nd' -2866 ev)' s'icr crb@(c<3-c
s(A)). PET ,lnlel rlrle +=-'- +EJ slkvl bond, -289't eV) * 'tl'tlel !lr'f 'nEl 3:

?9: 190 ?nn 236 231 2ll: 23Lr



lli zt;J,.it r+4 j.EJ oi +!nr .1+

1:1!l "J?!l!- rlEl++. PET: chloric acnG
Jl l i l  ; l - ' i l ! "J PE.lLl  Ps9 4+ef " f  1l , t
f-i Jddll:l dr,l'l: hrdroxyl groupel +7f
i- oJ;X !l:14 /ligEl zl+olq:l -286.u ev
i ,  l .  r j . " ,  J /  .  - r B ) ) .
_ ! B r r  3 , P E T  , e  : t  r ' e  ' a r
. d m l  l - a  !  d  a l ; i  ' r  e .  h v d -
r o \ J  g . o l p o l  "  .  l '  " l  " ' J d  I  ' "  ;
E;ll(-286.6 ev) ;lLfel .'lrF +r+4r, PIT

r  l "  F . r q . d b o n  .  o r  d o l  " l  . s " h .  \ r l

s . o u p  " ' l  ; ? e r  ' l  J .  o l  r o  I
LfEl++(=6Jqlq :1, -269.1 ev).

rn +nlzl !--a s-9g,ll-a;l: !J,ler LDPII
' l " r  D l o o d  p l a s r b  l ' ' o r e . r  l . b r o n e ' : r 9  :
' r r i ' l " l  E S C q  : "  " . '  

d l
+LIq+. LDPEia."lol Eilir nlTef +71+ +4

(] r  .v I  I  r ]Nt  \  )

ltil ?00

6. SuN€y sc.n s!€ctra of prot.in adsorbed
LDPE (A) Plasda prot.in adsorled, (B)

Fir.oreclin adsorbed

BDdnrq En.t<r (ev )

lig 7. C 1S cor. lcvel spetn of proteh adsorbcd
I,DPE (A) Plasmd prokh adsorb€d,
(B) Fibronecdn adsoib.d

.!1 !t+.fi 4s lijr ltrri 4j11 .;li* su,"ey
scan spectNm: gol:r i l  u l ; l l ( : r ; :  l (A) +:!) ,
\l"rt1l:"] _n4jJ LDpu jr* : 'J.., 4a, +
i:.j L+;l-- "1,,r3 +++ 9]tel spcctrum 3
! ol+,1 o..lLf (.rr:. 6). spe.lrm4}.l 'lEl4:
1ie+ lli "-115.3 +.!q 1.1 peptidc bond(oo-
NH)e 6l- io dzl  or l i jor l  .Jsr l?.1 +1l . i r"J

" " 9
ri. l  1:r: q z-l: +4{',}"rl?-q *+'J3;l] i
: :tE-'-! .1+5lr *+.'?Ir Pepiide bond.I el
1! rJ,j. 'lz: ar: 7el C 15 spectrmollrl e
t . l  ' :+"t lq: t  -288.1 €v,f :olr l  L+El+r
qlf. r?: 6i+ 7.1 spcrrun +oll LIEhL 'lr 5
el $ ! Hlers El +={ tli+! Anf= { 3"rl
ri!+ql ql Ef.

,19



€r+€;r : # l0+i. a I tr' 198!+

Tab le  3 .  E lp rFn 'a  .  ompo6 .  o  hp ! ' roF in  ad"or_

bcd I-DPE surrac€s

P o " i r  \  d . " \  "  '  - s . r  \  \  0

' S d dhs lldtrr' trd ^d mbd$

"l"l=ee ,rl1: r._.r_! s."Jci+: ol-xE
n+4+ 1.1 irBof: l  ' l  + ?49+ 1lsr=.
rr:l+ ,J'tililirltrl {+]Jol idl+{ r+z} rl

e l  |  ' i J 6 r  r r c
i-r+: 6]*+ aeg 4l+'J4. =;l -ed,l il
e,lLl.i 4il jr-Cdtl! €j9!-- +:/l:4 +r-
. l l  l " \ - . l  l r '  . :  : "  i

j -43J4qt !t ; t+: .16+E 'f+4 a"l ' ] .  E+
i  P  r r  '  " l  l " ; '

' i "  I  L  - , " r  t  !  o '  r . . r ,  '

=.61 +!rl?'= +41!: fibrcnedinol ,rl+ +4
: . ; ,  '  - 1 ;  .  " :  ! . c " ' . . '  i . -

r o n - ,  n  :  b o . d  p s . T D  o  J . . r  1 " 1  , .

,  i ; ,  _
o o m r i n  i  ,  L " .  l .  .  f i o r o , " d i r
o  F  I  i  d  3  o , .  4  D r o r , r

zl+1ot ;J*! lqi Ttqtr+ + 4.

! r ' r  , . .  . l  J  ) 1 .  
"  9  l

l o l  . d r b o s . q r o l p e  c : '  o i  l o r e  . . '
lo- i .  a . ;d /  a-J"r  '  ryd
r o s r l  c r o , 1 i r  - -  o  ,  C  l .  l
rj-36:4.J J1pJ,t 3 EJsJe!.at plasma protein
614 iibronectin-3 n+:l sql.l +4.14:-n,

;  oot  o. l  F5r  \ " )  .1 ,  , . r .  , r l  ' "1

] ] :  ! l i ; l r l  L lElL l , l ' r t  d l :  r l , l , '1 ]9 + l . r l
dlr) 4l !.? 6jr,l aJ +71 LlEf"J ,l1e +..l5,1'l

, .j '- """1
+.d(pa [ ). ] l !  - l :el!  ' t"14.

'J^lE: "l :€:+ l98llq1J. r+"+ 7l?1 5e
t.t ,ll*^l.J(N88 0124)el t+rl f,leJeg iJ

|  . \ . 1 . . 1 . -  '  ' e F  " P f l n  f l " .  u ' B ' o  h  T n r t  .
\ \or ,h P ' .b is \ '  " . ,  \ps |or l .  c l , rD.  12.  l ' r8 ' .

'_ /  .1 .D \ r  . ' joF,  H.B.L , .  \ l .c .Jhon.  S. \  . I { in  .
dd J.B.Hibbs, Jr.,'I'rans. ASAIO. 19, l, 1971:1.

' . ,  L . \ ' ror ' , . r  -Blooo.-  Na r 'e  His or)  n ' " ' " .

Nes York, 1967.
l r  R. l . .A.Zwaal  eno H. . .HFmLFf.  "B ood co.

gulation." Elsevier, Amsteidan\ 1986.
' ' I  R.E.Baiar ,  B r l .  \  \  .  A.ad.  \ l -d . .  18.  2J. .

1972.
6) J.D.Andrade, S.Nagaoka, S.Cooper, T.Okano,

and S.w.Kim, AS-\IO J., 10, 75, 1987.
:  q.S.Hn l -a, \  Am \  \ .  A.dd.  S i . .  :16.  J '

19E7.
1 l  \ . l k a d a ,  . n  - P o \ m ' F  i n  M P d . . a - . ' h .

Dusck. ed., APS Ser.57, SprioSer_verLas.
p. 103. 1984.

' I  \ . S . J o l l m 1 n ,  1  - B : o m e r F i j a l s :  l n r _ t r 3 ' "
Phenomena dd Applications," S.L.Clooper
and N.A.Peppas, cds., ACS L9!, ACS Prcss.
Washington D.C., p. 3, 1982.

l 0 '  J . B t o . k ,  _ B i o l o B . a l  P n  n  r " n .  o  \ 1 3 r . '
ials," Nldcel Dekker, Nce York. 1981.

l  l )  L .L.  HFn h 'a  ,  L . . . f  ioe4.  "  c  nJ i  r
.a . .  A l i ,ar la ,  ie l  \ tp 'oa.h. '  A.edFn.

15.3 8.?) ti.g
i.0 5.0) 5.7

l i .7
I 5 . 1

4, -a =

, "  " . t . 1 ,  :  . o r o . r r  o

. 1 . 1  " " : - , "  % ! -  e :  r e ;

4*;J '*,lee :a€ I ?ll?;1q1.+. ,tl1€ ?+
' r a - - 4  "  1 4  ; J , l  ' r  a !

r l  /  :  . o  E s a q  € -  9 : . 1
rfs1;l*+.

J ,  L "  t 1 . " , . 9 d " 1 1  0 1 6 !  I

4++ +el+il4 sd,l]? ,J*Ee :71="1
il,a:L:1"1, i-er+ *d'l'1. suifuic acid:]71, ch-
o r  " . . d , ' . 1 " r : o  

d  l  " o C : 6
++ ilEJ d[ ']?jddl s-dol hydroxyl soupol
*+rJ ; :45l i r l .  5- l  suuur ic  ac id i lq : ; l , r l

50



]llr 4*4 r+il3Boll +;J 9+

i p""o, New YorL 1981. 18) M.P.Seah, Suface lnt. ArEl., 2" 222,'11fj0.
' 12) S.w.Kim ed J.Feijin, in "CRC Citical 19) T.A.Carhon, -Photrelechon ed Augs Sp€-

, Reviews in Biocompatibility, Vol. I, CRC l.roscopy," Plenum Prcs, New Yorh Chap.
PIss, Boca Raton, p.215, 1985. 6, 1975.

13) H.B.l,ee Dd J.D.Andrade, tans. &d world 20) D.T.Clak md A.Dilks, J. Polymer Sci.,
: Biomaterials Congress, Kvoto, Japm, p.43, Polymer Chem. Ed., 17,957,1979.
. 1988. 21) J.H.Le, "Interactiou of PEO containins
i 14) K.M.Ymada, Am. Rev. Biochen!, 5t, 761, PoltDeric Surfactmts with Hy.lrophobic
. 1983. Sudaces," Ph.D. Th€sis, Udvesity of Utah,
I 15) K.M.Ymada and K. Older! Natlre, 275, U.S.A., 1988.
I t79,1978. 22) A.S.c.Curtis and J.Pitts, "CeI Adh6ion

' 16) J.D Andrade, in 'Surface and Inierlacial md Mobility,' Cmbridge University Prc*,
: Aspects of Biomedical Pollms, Vol.l. Sur p. 357, 1980.

ed., Plenm Pres, New Yort, Chap. 5, 1985-
' 17) B.D.Ratns, Ain. Biomed. Itns., 11, 313,
, 1983.

-51





)

gr+€* i tr0€,  t2i€.  1989
J. of KOSoMBE : Vol. 10, No. 2

l.  ̂ l

nE l-+ "l+-f, oJ++71 ,rl*611 4* = t4l,t
5: ae t+*' l+.Jnl.r lql " l4rla+"rl  e. j

5  "  i  l i .  i .  '  . t :  _ .  . l  t " t l "  "
.  e o  r , o l o  L .  J , 4  i ! l 8 o -  o - o

+{9 i4,rt}.1 c?jot 4,1j1 ole..1.l] .Jnl.ll
"  y  B "  )  ) ,  . 1 "  J  j  j + " 1  . _ . 4 e 1
o t  ) -  "  , t "  . r o '  r 4 . .  . t  1 t , l ! " - e r
o , o r  o  I . l  . t  J  1 " " "  , r , t  ; l ; t  I
_ .  . 6  o . o d . r  ; f  , . .  -  , l  r  :  l  b l . o o  . o m
paLibility)"ol ,l* =s+ 9q161 9r ql:'j,

" . , . , " "  i , , , . t  o o  " " a 6 , . . ; l | r _
rombora-  qance)-  ' ;J : .4  : lan i . ro, , ins)-
3 ?Fl+ 1l+ +-=i 4!l e"qr} d+rl e"S.rl
:t'rrt!, r.4 ;l,r+, €i-F4 +e +4++ c

2lls4"J{ l$z} gu3o1 +6J "J+
II. s"J zi€€ a+4"1E 4ls !ll*

0lalE a=! HJA6 o16||EJ 'Joseph D. Andrade

Polymer Surfaces for Cell Adhesion
II, Cell Culrure on Surface-modified Polymers

Jin Ho Lee, Gil Son Khang, Kyung Hee Park, Hai Bang Lee,'Joseph D. Andrade

Abslraci-

Chinese Hahsi.er Ovary(CHO) cells were cultured on the suface modified polymes des
cribed in ihe plevious study(_Polymd Snrfaces for Cell Adnesion. I. Surlace Modification
of Potlmds and ESCA Analrsis,' J. of KOSOMBE, Vot. 10. No_ L. 13 51, 1989). Amons
tlte pllysicocLmicai treatment dethods. the .hloric acid treatm€nt Fas foud to be the best
metLod of rendeins the polym€i surfacs adhesjve fo. CHO cels probably due to the high
derslty of hJdroxyl aroups on rhe suiface. Ahong rh€ biolosical methods. the fibron@ijn
t.eatment was besl for CHO cell-compalibiliiy probalJlr due to slecilic acijwe sjles exi6ted
on the cell bindirg domains of the fibronectin stnctur€, When w€ compare ihe cell compa
tibiliiy ol ihc chloric acjd and the fibroneiin tr€at€d PET surfac€s. rhe number of cells
atrached on the surfaces vere increased by 460.5 % and 559.0 %, r€sp€ctivelr, aftei 32 bJ CHO
cll cultue, .ompar€d to that of untreared PET.

< t i :  198Sd rjglgg>
=++ nli) d,l+4 r+:I r{3{+t
Polym€r Research Lab. 3. Korea Resear.h hsLnut€
of Chemjcal TeclDoiosy
'uiah ql4i, rj:rl+r+-+
- D . n  .  o  B . o " n s i n . .  - i " .  U , . " s  )  I r , \ .  I .
S,A.
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?it7t z 4 +lldlls d,leJE|.
?+,1 "rlEel eq!4iJCer ++rl,l +,1 9+

€+,1 4lz1 +.rli] +alrltel d;!!ol ii:lrl.
+4 {q;J edq4;JrJ+ L}E|Lr]: 4-r,= 'rl,+51
zl e+-jl t: {Colr+.I '' o.}q+ e.l=+,J 3. -}
Ef't: nodel caseej e+qlq+ ale :+71
oJe.-!r), 6l{ ql'lol .l"rlzliJ4+ ,l,l= ?t+ €
+'Iqdl "rL";= "-i- 5-e.!lol *: "ql!!l,rr(en-
o o r h F i E l  F l ) - l ! , q  ' " 3 4  d  " ' . 1
et+ 1.t4.e "' El?}]l +;l,l tele "-a ?+.I
:ljrql .rl!l4li+.1:l "ll.$14 =4:l €!.1 'rJe
r+ +il-ii} eorl:l+,J+ 4a jl"Jg +€.i4 11+
l"t?l\1, .J"I4,.e ,rlq!lE4 olll .irf+ 4lr
: ' l  l ' ,  " r "  : ' r ' , '  ; j  " . ' u
aot +,rlilsl.r- 9l+.

+ l l + d r . t  J  L  D o l y p r h , l ,  n " .
porystlaenerl ?e EJ++ tlqa -'z:+ zl,J a
+7fe+ :l+i:+ ,Ins gel .1ol-: polresrerel
scg rlE4-f,.{61 .}+els+ olrl?},1 *EJ!,e-
,,ie;19.+.

+ t+.i]l= .l?141t E4!++? q 4+44
qq ad,ll++] :j1+a} zl+'l 'rl'l'rlEel +'l;J
rJ?g ,11, sf,++q .J="4lssl chi"*" H*-
ster ov&y(CHo) ceng ++ lrl"jrlTlr- + ].
€,ia 'Jd"I q-s 4ten:J]t€ ltj/ ?Eb.lg4.

2.E :d

2 r {'J/llE .JB

rleo iJ n+:l rljr: e?lnl4 'd"l 6,++!l"l tl
?l *+ a"lE polyethylene(LDPE, ;.l'*t+-l)
filra polystlrne(Ps) plate(+d,lgs,+'J (+)),

ipolyethylene tercphthalate(PET) film ((i) C
a) 5"1+ .15 r+,1 :ls:+ 4.f,+ 37lE-
+.+ eihmol .Iil 2tl 30++ ultrasonication rl
,J+ eihmolq blTlt 4l:l;lol d+ e++ .f+
6f94.

615 r+:1. .{lEg 4ls4;Jil3 ;j+j7l7l el
-ll /1.+;J f"J?l]? *B+ :1?rl +,ltrle- LIE+
9+ri, 6l'+= o, +4="1 'J:J, .ze4 '34, 

"",

Tab le  l .  r - r f a ! e  m  " r . f i . r t o -  m" rhod .  and  , , pa ,  _d l

02 plasma dischdq. 0.3 torr vacuun. 30 aec
Corond di$larse Air atmosphe€,ljo $c
Sulfuri. acid H:5O.(98 %), L0 min

Clioric acid 70 ?i Hclo,/satlrated aqneous
tieatment KCIO] (3/2 ratio), 10 min

ILBiolosicsl
Pl,.ma protein I % hunan plama.30 min

Serum prot€in 20 % fatal bovine seru\
adsoiltior 37 l], 24 hr

Filronecrin 50 rs / ml bovine libronectin,
adsorpiion I hI

func acid ,14, chloric acid :lil F I,J+ -F4
dl-lrl jrrl+il;l?l *B6lr .19 6lll+ plas4
serum, fibionectin:'+ ,J+ ec!'rl "J'I?g a
: ,  i J -  L i t - +  ; s : : l q l  d * . 4 . " l i
. t  i e t  " J E -  e  {  .  ' : 4  , ' 5 t  ' l e r : 4 . -
6l  eo+44 -r  r" l  ' l !1 ' r l*r . i .  I  r ' lo l  4r "JH

"rl '116rl!= + Sel 'J'l"'l.rl ,l€94 94.

2-2 ̂ ll3 sHoJ

1 ) : l e  = f  l
: t .  l  I  -  i ; r . 1  5 $  c e r -

T i  iod  lJ .V .  lemp '  a  '  .6  l r  o l  |  . l : - c

" 1  , . f .  , . o " ' , r " 1  l  l  i H " .  ;€,  l 6  , r

+ ,1"J-+ 1.+.
2) il+llrz q !!"J+4

o - J ,  s L h b l i  ;  d l o r . , 3 _  l - 9  1 J  +

e-s ".1571 +l;f!!- ,1+'l ?lq ,es"I e+ 'rl
'l4lr€ +4 =rlrliof ;l:',L r1l!!l{!-- rrlE
el 'll,tj +rl ++ +|4 r ullo.r=iol ?4'hqj1,
r " l " l  i l ' " 1  I I ' ! . " ' l  I  " l q : I a i

, r .  i . "  : " _ ,  l ,  4 . , d l o J : ) : o

"li-rl .il+ .:++.: rrleoJ Chinse Irmter
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Ova.y (CHO) cell(Oak Ridse National Labo
niory)g '=d,lll{ .i+,} rlrr-q 4 ai "frj
3 =r1..+?l +l;f rf-$;1r14.

{  " \ . o o  e o ,  r .  o ; : - "  r a . l \ l c

,l al1{ Dllbecco's phosphaie buffered saline
(PBS)r:': pH 7.2-7.3-"= ::3;fdl 121 11, 1/
oJo[i] 1si'J aui.oclave g+:lel;l.l r]+;]91Er

Trysjn +4e Ca, Ms*+ nl l : l 'J Hanki
balanced sait solutionLrl,9: pH 7.2 7.3iLE- Z.'z!
;1,,1, 0.05 % +orlei rll-=;ti 'B+J-- /l-g!l'.i.

"tl*4+ Han's t'-12 nutdenL mi{iuc "oll €+

n ;1"19 +!+ dJrll;l?l 4l;[3] penicjlin G sodium
(NF sade, GIBCO Labontoies) 100 unit / n!
el streptomycin suUate(GIBCO l-aboraiories )
0 L , r i . / n "  : - . ,  I  l '  . : "  1

al;Fl trypsin inhibitor o::|+;f:- Iatal bo"inc
sFrumLfq5,  CIB.O Luoor! ,or ia . ' '  -  oo.  6

d;ldl menbrde filter(Nlillipore Co,. GS 0.2

l4n)e q'f €t;lol rl-$;l91il.

3) cHo cen !lo* *'ll
(A)PBS +orl, 0.05 % hypsin i;".1, 'l]*.I3

" lal 37 tz +:l :144.
d r  r ,  . 1 " " :  p o t y s r l n n F  t a . l / - ,  j  '

.;.i (i))ql! /rl'N ,ll*!ln 9l: 4liq !f*.1

: pasteur piperieS il-€.lol rrlTi;l-.7, flask J.

C"ll *.1'.1: serun 3 :rJzl +,1 elil] PBS r 'rt
X-i .d+.1 i",t.+.

(C)0.05 % trrpsin +'rr 1 ml+ flask '1l"ll +
i !f'+oll :i1r- !l:1,':+ c:"1 =-4. 1-2+F+
37 1r t +zl;ll i rl+ +4E+! g 11ask HlEl+

+e":.{ 7i! ll-Elorl +:}5lol XLI ala: suspen
iion *El r "rl"l"11"^tit.

(D)" lold rr l j :  ! l ]*ql .3 i l4;Fq, , | : l l
!tzt+ .iE,rl1{ n+,f rlr+ !1,*+r1(ql.}"J
zl, s.06 ctri)oll :+;}ol:L

(E) 37 1r Eil +;zle+ t, % co:,| +ulllr
9.1+ incubato!(Forma Science, Model 11326)'I!

4X ] l ' , IF! l ,r l1:,r l"Fl. l4.
(F) "l].*ilt e;",] 4llel ,Jx+ .l,ll;l7l+ d

rii l iyt r+4 l"J.r :!r! oJr-

EIH!f+ .l?lrlZ+ 91-= lllrlJl.l, -s!f,"19 ge
5 irlg e 3;l1L+.

(G),tl.,!"l €.J+ PBSe 2tl.rl ,lil rr14;+ol
r  : , ' .

^ '  o o r . r p s r . o .  ' " , i . 1 I

" ,  .p '  n . ;on ,  "  " :  i  sJ,
p" . ;on 3.  :  Hspmo. jaom, rF"e .orr i rs  ham
bepl :rltl 3il6ll 14 4ljr++ zl.L;la 'Jt+

( H r ' {  " , o  i  l e . - ;  '  I  o ;

formalin dl!= l0ri-.+ rrjrl?J + s % GieNa
(BDH, England)q e ! -  30:11 q4;+. i  e=r l
7ln, .1*il €!l,J(Nikon InverLed Midoscopc
U  s p \ o ,  T M D , 9 J  i  " ,  "  ;  ! J r .
++.}*4.

3. =4 El n*+

.lrl,I,t *"J o-e r!l:Jrl+ r+:t rlell 2l
+?+l:. rl?f;l7l +l.tl, cHo 4la+ .l+;il ,+
.t-{et ,rlE +4 { ..=..t a n}9 =it6}9+. .J+

' ' '  c H o  l " r ' "  ' . =
e  ; r  ;  " , , :  i ,  . l  r -  I

dll ,Jal,rl +4qol.f =",1"1. ,tlg,f .rlei_d4l +
, l ! , 1  

" - . j :  " !  : J :  t ;  " l  - - l - e  l L . t q '

I 4tr. +4'.1+ +.1.i71 €t;rt .tet4,l *3t-63
jrs,lil,= ilil 9r+. :lzl'J edll !]-Ezlilil+
;  . l  l i  6  ,  i n . i r o  . - - l  - q ' .  : . 1
6l :l.!rl,J il+irldj.r .e"J"I +4 {x{ rrlE+
a el{-}c {zf;}: ?t6l oJ+zlt *sJol !lj1

-E 2!- ol rl,l;l +4++zl "l {++zlaa {
. .  . q  = .  L - l  " l " e  c H O  l .
. F " d . r 8  |  a ,  |  6 , 0  "  : t  - .  q ' .

, 1 , , . r .
zlsr- rrlr -L 'lE a"J.t ?.Fil+ ol-,1! Elrl
r e  - .  : !  - o r ;  " " 1  { d l  .  r ,  L D P E ,

p : ,  t l T o  ; "  , =  L  "  . - - - :  . ! j _  l .  !
itl-,4 ! ^f-F+ EJtrf6f? r!: 115;l= a!3,1
, l . l  ! t ;  1+]Jdl  +7f{ ' } . : f ,  2or lr l  r r- :ol  ! l
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Trbl€ 2- Conparison of CHO c€ll 0onpatibility of sur
ia ' "  tod i l .d  ro l r " 'a r  r \o .  o l  +pdpo . "1 . , ,
4x 10'l .rn: Cultur€ line.32 hr)

.Nd of sed€d ell6 gxld/oi: Cuuup tinc 19 hr_

ial€ PET.I +4 =;l€ arlE+,f 1.95x10'/
ddoJ.rl el;l] aEJ>i4g n:2li"I +4 =rl€
,41-..'1, +"t4914.

+4!}+4 :lel8}4€ =4lil= cNoic acid :l
el+ i"J9l !lE4-+tol 4+ +4 +El*Y'rl,
"l : d'l :-+9 EscA +11 'jrlorl4 rtq 91:
.l'r) chroric acid nel-= 6121 9C '+e "lzl *
Hdrl !l.1]:-"J41 hy&oxyl groupq +E7f Y*ol
d,J9Z ,,rl+.J,1!.e jJEFJ4. ol.4 hydroly]
sroupg +a,f Y*+ r+4 s:lel rls a4q4l
h, ' /  I  . l  ne.hsbis" -q'14 { I  ";r. t .
?+,1 :i-"19 hydmryl soupil ,lls g€9 poral
croup ̂1619 hydroscn bonding.ll gdl ala,l
3:1"I :*"1 ,++iI+. 2idl ol-t4;l:j1 +il6ln 6".1

d 3-l4sl :]4,JHE €alrl: fibroneciing
!d4ai r+,1 eElel 4a:r;JCq ,l* =21 +
EIL]-=rrl, r soJg nc;Pl I6llal: fibronectin
+alel +=el 2:?, 4lrLelg +++41€ "li1];1.1
ol:J4. Fibrcnectine blood plasna.ll4l 0.3 g/

r.el Eo e-r =,rl;l+ L,Fl1E:l E,le}.l 220,000

' b u u w  d a l r o n  ! '  q  ' , 1  
" . 1 ( . L b L r i , r . e o l  d

s  r . l io ,  bo lo r  ' s -S-  ,  .  d  "  \  o l  < '  o iFd  ?  .
\  o t  "  

r  I  r t4  t  o  6 l  L , t  /0  naoomF
' F " . ' l  J  r a n o m , r , r  3 , J  .  " r ; J  s " J -
.f,a 9le"l,.J.Jg domain +4€ dj6lr 9.lr+.
,  ' . ,1 l ld ;  doha 1l  :  i ibronmtin" lb. i r ,

c o l L a s " r  c " ' .  l ' " p a r i n  
" ' r  J " 1 g L  ,  . ,  :

i "  " l  j r .  " l  q  . a r  : *€ 1 r '  d o m h g -
arginine glycjne aspartate-sdneg mino acid
sequencee +tr:€ active site-E ,faln tC, 4lE
-eH4l 5=51"1 9].t stycoprotein:"] .l active
site.l 'J+,rl air6l4 g4.r') Fibmnecrin+ -r'
: -  e l . l  : ,  c ,  : ' <  ' + J  " l r  :  , d J

, l  :  - .  g e  . ;  o  o o l r ,  - ,  d " * ;  '  {
:  "ol  

- l  .o l lasen- rb" iJr.  beoeh j .9 " l j  er
ela47l ++ ' ,l.rl qgg ;1715 ;J4.

idil el 'JB.rl dt=-' 4lg4iJlilg t-. ei.l .rl
se ^l+9= PET'J++ "le lljn;u q"J, I 3
e. E ,  6l  cnro. i .  a. id4 tor rr  r ,94a+ r ib
rontr, in " .  , t4d.:"r  " l  . t "r" '  .  <-e , l  , l
ot 460 ozai J60 oo : + , L ril t.l 6.1 4!lo -"
i "' i "..r c1.or:. a"id-d ,r!] l,l3,- :+-1,
nzlrl,J.tl tr+4 ed.rl ++€ llag +,1 +44
, .r  lOe i  !  ld-:" l  I  . le l  i " l  :991 ler

Trbl. 3. Compdison of CHO ce! compatibilit of un
treat€d and surface modifi€d PET.

PET
LDIE
PS
l,s
PET
LDPE
ts
PET
LDP€
TET
],DPE
PS
PET

t.9
3.1
9.7
16.ii

3.1
3.1
2.8
3.2
3.3
7.9
t\7
10.9

Treetndi Cel cultu.e No. of Untreated
method tine (hr) cel€ / .d PET bse

( x 1 0  l % )
t00_0

231.6
460_5
320_9
143,1
u0.0
559.0

3 No. of s*ded ells, 9.0x llt / ri ror ptama Imbin iPatld sure6

md {.0\ 1d/.'J lor oiher suir9c.

32 4.5
32 9.0
32 6.3
19 2.8
32 3.3
32 10.9
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rrlr:*4 i+al sBol i,l+ €+

rig 1. CHO cell growrh on chloric acid(lo min) treated PET surfaces (Invdt€d mic.o&ope, x100).

I
(A) Cotuna d€lted

Fig 2. Comparison of CHO @ll gowth on corona-treated
(Ocll culi,ure, 20 br: Invdted nicoeope, x100)

Chloric acid,r 10++ :14;J PET -€ts41 +1
€ cHO 4l!el 4 *43-g 9l+i} €!ld!s rJ

' J b i  e  r ( , ' " .  l ) , ' t " J . l  ; l 6 l  ' n J 4 l  " . 1 4 , . e l
*l .t .t / - ; l"t . l  48I , : j_/l r l+ ,l
n eCdl^l 4lEzt e,ld;l gdqdl 9: ag I

(B) Chlodc &id (10 ninJ ieated
dd chlonc acid(l0 min)-treaied PET sufa.es
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rl9"f.+4 9.14.
u . !  " J .  .  o r  P E T q  c \

lo;c acid il4+ PET 9".1olrl =-.rli}? 9.1l'- CHo

" t  e l ; q  d ; j :  r o r  - . . d  I  - ; - " 1
. h  o r .  s . r o  r . l L  L  .  l a  r  ! .  i o  a

:"1 n"J+!t '14 ,14_a 1!-- ?rl!= €-.i XL9:l'+.
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+ .lf+ +;+.1, 49++ *EJ!3 x"l?)le+L
rr-+,1. rlsel,tls3;,1,,1.1 !l lE99t+.

=4=Ef s].1,i14,:aEq *Cil/1, Bulfuric a.id
'ilil, chtoic acid '14 :'+,J: €-elr+Ef3 +El
:lrl ,J{5 ;o]la!-, chloric acid iil4+1 r+a}
/le.I llE +4 s =rl.J"l 'l* .+i-;lirl 4Ef
*!-ri, .l= chloric acid ?l4rl j'-:l.l:l hydroxyl
sroupel +jr,i +"J;l y+,il !l"l .l= {+714
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Surface properties of copol;rners of
allyl methacrylates with metho4r
(polyethylene oxide ) methacrylates
and their application as
protein-resistant coatings
**_Il frql, Pavta Kopeckova. elindrich Kopecek and Joseph D. Andftd€D-pd4n.nb ot Mdqct- sn4cc dhd t nst4".ms. a.d Bnens,n"_,"s u.^ _.t . u_o sit tur - c,a u, e.t t , ) usatR..Pned A Odobpt 1989 edJAtutlgg1,

l{6w polynrriG surlmtrnls, copolymeft of slkyl meth.crylrtas with methory (polyethylele oxide)m6thacryletss, wers synthosized ind ch.lEcro zed by gat permertion chromatognpfry.iir, il"r" 
""AUlas possible norns ro prodoce potyethytsne oxide-rich surfrcas by a simpte coatinj 6r;;;i 

";;;..""lydrophobic modic.t mrte its. They wore further stdied es cieanors for ihe r;"".i ;i;.;;" p,"-tdsofted on hydrcptobic surfacos. ThG srrln.6 propcrtios 0f the copolymcrs such as tnc aasorp$onproportier of.thc copotymor 0n r hydrcphobic 6urtacc. tow d6nsity p;ty;thytoo", tt, proiiilFr""i"r"or
cnrracter0lflre propared polyethylone oxida surticor rndthe elfsctivenoss 0fths copolyncrs lor removal
ll1ti1'.T:y:"'t"d."n rhe surrare, wsre irussrisrlsd by x{ry phoroetrct;;;";i;;""il;"d hyrrsng _1-|aDe[rd copotyner$ and ,.'l_latell6d prot.ins. Ths sfifrca propsrties rf the symhciizodcopolymers were compersd with lhose of commorcially avaihhla poty"riyten" oxid" 

"ontriiing ttocLcopolymer s||d[ctifir.

fewanls: Polyethytene oxide, at*yt netht.ytates pntejn rcsinBn.

Polyethylene oxide {PEO) has unique sotution propemes In
aqueous systems -. At room temperature, pEO iscompletety
miscible wirh water in alt proponions. In convasr to the
complete water solubitity of pEO, ctosely retareo porymers
such as polymethytene oxide, potlrrimethytene oxide. poly-
acetaldehyde and polypropytene oxide lppoJ are warer-
nsoluble under ordinary condirionsa. To undersrano wny
PEO shows unlimited water sotubitiry at teast up to
temperatures slighny betovr' 100.C in contrast to the otherpolyethers, PEo-water inreractjons and the,r srucrural
models were studied3. tn pure tiquid water, the hydrogen
bonding results ina hightyconnected network of tetrahedraly
coordinared water motecutpss and it wds suggpsreo Inat
PEO segments nrcerv f r t toul  vo ids in  the water ; rucrure and
minimally pertub the structure of water itsetf, rhereby
minimizing the tendency for hydrophobic inreraction3.
. PEO is becoming recosnized as an effective potymef
for low prorein adsorption and tow ce adhesion, because
the hydrophilicity and unique sotubitity propedres ot pEO
Corcspondence ro Dr J. andhde.
rPresert addres: Koroa Insliture of Chemicd Technoosy, po Box 9,Oeaedeog-Daf ji, Daeteon, Korea

produce surfaces which are in a liquid_tike state, with the
polymer, .chains exhibiting considercble ftexibitity or
mobility' ". The .apid movement of hydrated pEO chains
attached on a suface probabty inftuencesthe m'crorhemo_
oynamrcs at the protein sotution/surface interface and
prevents adsorption or adhesion of proteins6. pEO has a
stericstabilizat'on effect in aqueous solution6-e. tt isthouoht
rhat a repuls:ve to.ce devetops, dLe toa toss ot con rrou ratio;al
entropv ot the s,ddce-bound pEO. when d pror",; or orher
panrcre approaches the pEO surface. tt appears that a pEO
surface rn wats has rapid morionsb and d targe exctuded
vo,ume - compared to the tFss water sotubte potycrhcls,
thereby actively minimizing the adsorption of Droteins. The
PEo-water inrerface aiso has a very tow interfaciat free
energy and th us a low driving force for protein adsoptionlo r 1.
Proreins at or near a tow interfaciat energy intedace wi not
teer any grearer effects from the surface rhan they do from

There has baen much effort rn p,epdring pFO surtdces.
ror example. bv block coporynerzationz 6. r. cross_trnting
to produce a PEO network2, or surface treatments such as
drfect adsorption of high motecular weight pEOllra or the
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covalent grafting of PEOlt16 to silica and other surfaces.
Surfaces which show minimal protein adsoption are
important in many applications, including blood-contacting
devices, membranes for separation processes, sensoB,
chromaiographic suppons, contact lenses, immunoassays
and blood and protein storage applications, etc.

In previous paperslT1e, hydrophobic surfaces were
treated with commercially available PEO,/PPO and PEO,/
polybutylene oxide (PBO) block copoilmer surfactants in
aqueous solution, by physically adsorbing those surfactants
on to the sufaces. These surfactants have t\,vo components
in their structure: a hydrophobic segment and a hydrophilic
PEO segment. Hydrophobic segments are wateFinsoluble
components to provade spontaneous adsorption on to
hydrophobic surf aces via hydrophobic interaction. Hydrophilic
PEO segments will interact with watervia hydrogen bonding
andseruetodissolvethesur factants inaqueoussolut ionand
to confer to the surfactant their unique protein_resistant
character. We showed that sirong physical adsorption of
surfactants on hydrophobic materials prcvides a simpleancl
rapid means of producing PEO surfaces as protein{esislant

From previous workrs, however, it was found that
comrnercially available block sudactants have two limitations
in producing stable PEO surfaces. Firct, a ong hydrophobic
block was needed to produce strong adsorption of the
sudactant on a hydrophobic surface. However, it led easilyto
intermolecularaggregation an aqueoussolution'?o, fesulting
in weak adsoFtion on to the surface. Second, a long PEO
chain was needed to be highly mobile in aqueous solutron
and thus confer effective protein resistance6. lt is, however,
less strongly adsorbed on the surface than a shorter one,
because the PEO water interadions are stronger than the
hydrophobic segment-hydrophobic surface interactions.
That isthe reason why new polymenc surf actants, copolymers
of alkyl methacrylates with methoxy (polyerhylene oxide)
methacrylates, discussed in this paper, were synthesized.It
is expected that the long hydrophobic polymethacryate
backbone and alkyl side chains will give effective protein

MATERIATS AND METHODS

In this study, random copolymers of alkyl methacrylaies
(methyl and hexyl or lauryl) and methoxy (polyethylene
oxide) methacrylates lmol wt of PEO, 1 9O0 and 4O0O)were
synthesized and characterized by gel permeation chromato-
graphy (GPC). The adsorption properties of the copolymers
on lowdensity polyethylene (LD PE) su bstrates were Investr-
gated using Xiay photoelectron spectroscopy (XPS) and
r25llabelled polymers.Conformationsof the polymersatthe
hydrophobic solid-water interface were considered. The
protein-resistant character of the LDPE surfaces coated with
the polymers by a simple solution treatment were also
evaluated by xPS and r'z5l-labelled proteins. The results
were compared with those of commercial block copolymer

The effectiveness of the polymeric surfactants for
removal of proteins pre-adsorbed on hydrophobic surfaces
werc also studied. The pupose was to develop PEO-
containing polymeric sufactants that can displace ordesorb
proteins adsorbed on hydrophobic surfaces. Efiicient renroval
of adsobed proteins is needed for many surfaces which
have direct contact with biological systems; such proterns
often cannot be easily rcmoved. lt is etpected that PEO'S

hydrophilicity. unrque solub:lily dnd high mobiliry in aqueous
solution. combined with the hydrophobic character of the
surfactants, will pemit removal of pre'adsorbed proteins.
The removal properties of pre-adsorbed proteir,s by the
synthesized or commercial polymeric surfactant solutions
were evaluated by XPS and by radioisotopic measurement
using 1'z5|-labelled protelns.

EXPEBIMEIITAI.

Monomers snd chemicals
The monomers and chemicals used for the synthesis of
copolymers of alkyl methacrylates with methoxy {polyeth}4ene
oxide) merhacrylates are as follows.

Monomethoxy polylethylene oxide)1soo methacrylate
(M PEO ' soaM4.ro awell-stirred solution of 15.2 g (8 mmd)
monomethoxy poly(ethylene slycol) (Polyscience) in 20 ml
dry methylene chlor ide (CH,C| , )  and 1.629 (16mmol)
t . ie thy lamine cooled to 5 'C,1.67 g (16 mmol)  methacry loy l
chloride in 2ml methylene chloide was slowly added
dropwise. After that, the reactants were stirred at room
tempeGture overnighl in the presence of small amount
of inhibitor, tertiary octylpyrocaiechine. Precipitated triethyl
amine hydrochloride was filtered off, macromonomer was
isolated by precipilating the solution into cooled diethyl ether
and powdered polymerwas washed thoroughlywith diethyl

Monomethoxy polylethylene oxide)4aaa methacrytate
(MPEOeooMA). This was kindly provided by S. Nasaoka
{Toray Indust es, Inc., Kanagawa, Japan).

N-methacrytoyt tyrosinanide (MA-Ty|NH2). ro a cooled
solution of 3.6 g (2O mmol) tyrosinamide in 1OO mlwater,
1.04 s (10 mmol) methacryloyl chloride was slowly added
dropwise. After 4 h of stirring at room temperature, the
precipitated product was filtered off, washed thoroughly
with water and .ecrystallized from ethanol. The product has
an m.p. of 194-196'C, good elemental analysis and a mola.
ext inct ion coef f ic ient ,  s2so= 1.6x ' l03 ' l  mol- 'cm I  in
ethanol. A smallamount of MA-TyrNH2 was incoporared in
the copo{ymers to permit t'5t-taletting.

Z 2' -a zob is is o bu ry.o n it.it e (Al BN, Ald nc h ). Ihis was putif ied
byrecrystallizationfrom methanoland usedasaninitiatorfor

Methyl methacrylate IMMA), hexyl nethacrylate (HMA)
and lauryt methacrytate ILMA) (Polyscience). Ihese wete
freshly distilled under reduced pressure before use.

Preparation ol copolymers
The copolymerc were prepared by radical polymerization of
mo.omers in toluene for 45 h at sO"C {Iarle t}.

A polymerization mixture, containing l4.Owr% oI
monomer, 0.6 wt% of AIBN and 85.4wt% toluene. was
bubbledwith nitrogen for 15 min then sealed in an ampoule.
After the polyrnerization was finished, the volu me of polymer
solurion was reduced by dpproximatelv 50% usrng a rolarv
vapour evaporator under reduced pressure. Polymers were
precipitated into cooled diethyl ether,washed and dried. To
remove non-copolymerized macromonomer (about
10-20%, as determined by GPC) the polymers containins
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"Fotym€r mtu ns a€sresdA (see c rc pd la, harched drea n Fd,re tr).
Mw dimated wihour bking into accourt ihe harched area.

PEGrsoo we.e dialysed for 3 d in Viskins dialysis tubing
(molwt cut-off, 6000-8000). The potymers containins
PEGao@ were purified by using ultlafilrration (Amicon,
membrane PM-3O).The polymers were then isolated using
lyophilization. The yields of polymers were 60-70%. As
most of the polymers we.e not directly soluble in water or
aqueous buffers,a special procedu rc was usedforprepa€tion
ofaqueous solutions fo. adso.plion studies, GPC measure-
ment or purification using dialysis or ultrafiltratron.

Preparation of aqueous solutions of polymeb
Polymer {10Omg) was d issolved in 5ml  warm ethanol
(about 50'C), then diluted with 20mt of water and
subsequently dialysed against water (for adsorption study)
or against Tis buffer (for GPC measurement). Then the
solutions were diluted to the concenrrations needed.

Characterizstion ol copolymers hy GPC
Polymerswere applied on 1.6 X 80 cm iolumn packedwith
Sepharose 48 and 68 (1:1)  and e luted wi th O.O5 M T s
buffer pH 8.O, containins 0.5 M NaCl. The GPC showed
typical profiles depending on the composition of rhe poly-
merization mixture (F'?u.e /).

Averages of molecular mass were estimated using
PEG standards (molwt 2000-22 OOO). As mostofsamples
showed higher molecula. mass than the highest standa.d.
an extrapolation was neessary (Iabie t). We 'rsed PEG
standards, as the total mass of PEG fraction in the copolymers
was never < 70 wr%.Weareawarethatcalculated averages
of molecular masses arevery rough estimates onlyand can
be only used for comparison within a group of polymers
having a similar structure. A more complete cha racterizarion
of these polymerc is in progress.

Badio-lahelling of human llhumin ard copolymors
1'z51 (1OO mci,hl, Amersham) as sodium iodide in ditute
sodium hydroxide solution, pH 7-1 1, free from reducing
agents, was used for labelling of human albumin and rhe
synthesized copolymers.

r'?st-talettea numan atb^umin was prepareo Dy a
modified chloramine-T method''. This merhod is suitabteto
incorporate carrier-free radioactivity in small quantities of
protein rapidly and with good efficiency- lodination was
performed at . r .  120'C) us ing 2OOtg human albumin
{crystallized, M iles Diasnostics) dissolved in O.5 mtphosphate
buffer solution {P-BS)at pH 7.4. A volu me cofiesponorns ro
O.3 mciof  Na- ' " lwasaddedtothealbumin solut ion.  Af ter
50tlfreshly made chlora mine-T solution (4 mg,/mtin H,O,
oxid iz ingagent .  Kodak)wasadded, theprote insolut ionwas
gently mixed for 1 min. lmmediatelv, 50lilsodium merabi-
sulphi re (Nd,S-O5,  4.8 Tg r r l  In  H.rO,  reducing dsenl ,
Fisher Scientific) was added in the mixture ro stop the
oxidalion reaction by m ixing the solution for 1 m in. Free 1 ,5 t
was removed by cent.ifugation of Sephadex c-25 coarse
grade resin (Sisma) minicolumn (6.0-6.5 cm lons, about
1 cm wide) heins about O.3 ml of iodinated protein solution2,.
The final concentration of 'tllaoetted protein sorunon *as
determined by a Uv-visible spectrophotometer (Beckman,
Model 35) at the wavelength of 280 nm.

Labelling efficiency after removins tree r'?5t was
determined by precipitating the human albumin morecures
with 20% trichlorcacetic acid (TCA in H,O, Sisma) in the
presence of bovine serum albumin {BSA, cnstallized, Mites
Diasnostics), 20 mg/nt in PBS. rhe BSA functions as a
carierforthe smallamount of human albumin and TCA ads
as a precipitating agent. The detailed procedure was
described in a previous paperrs. Normallv, morethan 95% of
labellins efficiency was obtained bv this method.
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Figure 1 GPC chronsroorahs lcotunn, 30 t I 6 cn: p.ckins, Sephanse
4R Bnd 6R, 1J:ftN Ete, 1 2 nuh:.lution solutioh. Ttis bLftet pH A.a + a5 M
u.ct).la)curye 1: MPEo,saaMA na.rcno,ane| cutue 2: Potyhet tva 1
lhonopalynet of MPEOI\@MA) This is a .vpinl curye obtained fo,
potyne6 conai.inq hi1h anadnt of MPEols@unn. sjnitst curyesweE
obbined fot potvnec Z 3 nd 6 lresuks hd shown). lb) curye 1 . Potyne,
No. 5: CuNe 2: Potynet tla a |cl Palynet No. L fhis is b typical curye t'o,
pothers cohtEihins a taw anount of MPEalsaunh. sinilat cutues weh
abtdihed for polynet Nos. 1a , 1, 1 Z 1 6 1 7, 1e and 19 lresuks not shownl.
ld) Polvmet No 13. fhis is a rpial tutue obtatned fo, potyneB nntantns
MPEoa@a unit. Sinitat Nfles were obtaited fot pot\/het Nos 1415.24,
21.22 nd 23lesuhs hat shown).

For l'?5llabelllng of copolymers, a small amount or
methacry gyltyroslnamide (F/ilule 2)was introdlced in ihe
structures of copolymers (polymer No. 16-23 in Table 1)
dur ing synthesis .  The tyros inamide conteni  in  a l  poymers
was 16 t3 nmol,hg which conesponds to approximately
1.0 mol%. lt is expected that r'?sl will be llnked with the
benzene ring in the structure of tyrosin. The chloramine-T
method was also used for the Iabelling of these polymers.
The labelllng efficiency of the polymers (concentraton,
1.0mg,/ml)  determined by GPC prof i le  !sng DP-1O,
Sephadex G-25M column (Pharmacia) was not good as
shown in Fiir.e 3a. Thus, the iodination reactlon time was
increased to 4 h and the reaction mixture was coniinuously
shaken duing react ion.  Af ter  iod inat ion,  the 1 'z51- labeled
polynrer solution was passed twice thfough the Sephadex
G-25 minico !mns prepared separately to remove free '251.
Flgrle 3, showsthat almost allfree r'z5l is removed bythis

Adsorption ol copolyners o, LDPE For adsorption of the
copolynrers (polymer No. l-15 in Table t) on to a hydro-

Figute 2 Sttuctute of copotvne's synthesized (potynet flbs. 16-23).

phobic surface, LDPE films (NHLBI DTB poyethylene
prinrary reference material), whose surface cleanhness was
verified by XPS, were immersed in aqueous polymer
solutions for 30 min at room temperature. The polyrner
adsorbed films were rlnsed in purified waier and then
immeEed in purifled water for 30 min. After rinsing them
again in pudfied water, the polynrer-rreated fims were
vacuum died overnisht in an air atmosphere (Flg".e /)r'g.
The polymeFtreated surfaces were anaysed n a Hewletr-
Packard 59508 XPS eqlipped with a monochromatic
Al  Ka, . ,  radlat ion source at  I487 eV and 4O0 W power at
the anode. An e ectron flood gun operated at 6.0 eV was
used for charge compensatlon. Wide scan and narowscans
for cabon 15 and oxygen 1S were taken and normalized
using Scofleld cross-sections23.

For the quaniitation ofthe polymeradsoption (po ymer
No. 16-23), LDPE films, whose surface area was pre-
determined, were immersed in a solution of known raro or'7  - .o" l led dro un dber lFd polvme'  and.dso.p l |on wds
performed with the same procedure as for the samples for
XPS analysis. After polymer adsorption and following

--dl

-
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E ru l  on  vo  umc  (n  )

FquEs rpidt GPc ptotite of 1'z5t-lsbeled palyneB Icatuno pD 1a
Seph.dex G-25M: etuton etutian punfied w6re4. 1.1 Sane iodinatian
reatuoh candnjons Es pmEin-tabe ing lgentty nixing fot t hin Bnd once
passins thtough Sephadex 6-25 nnintunn): lbl nodiried tunditiohs t'al
potynet iodinatian lnild sh.*ihq nntinuousiy fo, 4 h and tuice pssins
thtough Sephadet 6 25 hihicoluhn).
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r ins ing, thepolymer- t reated LDPEf i lmsweredi rect lyp laced
in counting vials (poiyethylene, Kimble) and the retai.ed
radioactiviiy was measu.ed in a gamma counter (Beckman,
Model 170M). Corections for backgfound rudioactive
decay of r25l-iodine, ratio of labelled polymerwith unlabelled
one and surface area of the LDPE sample were made to
determine theadsorbed amountof polymeron the surface.

Protein resistance of polymertrcated suiaces. Fot rhe
studies of protein resistance, human albumin, the major
constituentof plasma,as a modelprotein and human plasma
were used. Blood plasma was prepared frod freshly
collected blood. The blood was drawn into a plastic syringe
(Becton Dlckinson Vacutainer systems) containing a buffered
sodium citrate (1O% of the finalvolume)as an anticoagulant.
The blood was centrifuged at about 10'C for 20 min at
2OOO rev min '. The supernatent was carefully drawn off
and freshly used for the studies of protein resistance.

The polymeFtreated LDPE films were lmmersed n
protein solutions prepared with PBS at pH 7.4 for a given
t imeand r insed in PBS,fo l lowingby r ins ing in  pur i f iedwater
and vacuum drying (F&"/e / )1s, then analysed byXPS.The
nitrogen 1S peak was used for the analysis of adsorbed
protein. The I 25llabelled polymertreated su rfaces were also
used and radioactivity was counted both before and after
protein adsorption on thosesurfaces to see whether protein
adsorption affected the amount of the polymeradsorbed on
the surface, i.e. to see the effect of exchange of the protein
with the polymer pre'adsorbed on the surface-

Forthe quantitation of protein adsorption,the polymeF
treated surfaces were immersed in a solution ofknown ratio
of labelled and unlabelled albumin (concentration of mixed
solution, 1.0 mg/ml) and adsorption was performed with
the same procedure as in the case for the samples forXPS
analysis. After 1'z51-labelled albumin adsorption on to the
polymertreated surface, the radioactivity was also counted
and converted to the adsorbed amount of protein on the

Removal of pre-adsofted prcteins by polymet solution
t.eatment.Io srutly rhe temoval of proteins pre-adsorbed on
a hydrophobic surface, LDPEfllmswe.e immersed in protein
solutions prepared with PBS at pH 7-4for30 min and rinsed
in PBS,following by dnsing in pu rified wate.. These protein
pre-adsorbed LDPE films were lmmersed in the polymer
solution for 30 min and also .insed in PBS and purified
*ut"., uu",u. dried, then analysed by XPS. r'zsl-labelled
human albumin and 1'z51-labe!led polymers were also usecl
sepalately f or quantitation and examination of the mechanism
for remova of pre-adsorbed protein.

RESULTS ANO DISCUSSION

Stlucturc ol copolymers
Graftcopolymerc used inthis studywere prepared by radical
copolymerization of hydrophobic monomers 1MMA and
HMA or LMA) with a hyd.ophilic macromonomer {metha-
cryloylated methoxy poly(ethylene oxides). Since the aim of
this studywasto determine semiquantitativelythe influence
of copolymer structure on their surface properties, the
monomer mixtures were copolymerized to high conve6ion
(60-70%). consequently, lhe copolymers studies have a
distibution in chemical composition. The non-uniformity is
generally higher, the higherthe dlfference in copolymerization

Methacrytate-PEo sun{bnts fot prctei' rcsistne: J.H. Lee et al-

The mostquestionable reactivity of all monomers used
is that of the macromonomers. There are two main effects'*
which influence the ability of macromonomeB to copolymerizel
(1)the effec! of side groups associated with the termlnal
double bond and (2)the length of the macromonomerchain
It appears2t26 rt'"tthefirst parameter plays the maior role.
Both the conventional monomers and the macromonomers
used in this study are methacrylates with different ester
units. As polar effects of ester {alcoholic)pafts do notdiffer
su bsta ntia liy and the lengths of macromonomer side-chains
used in this study should not have a pronounced effect on
rhe macromonomer's reactivitrf4, the copolymerization
paGmeters should be similar for all combinations 'rsed.

The discussion of the structurc-properties relationship
i .  rh is  pdpe|s basFd on rhe .omposi t ion o l  r l 'e  monomer ic
- xrur". We dre awrre lh.t the redl copolymer composrrron
is slig hny different. As ca n be seen from Flgule 7, copolymers
9, 1O and 1 1, which effectively repulse proteins, have quite
different structures. Their main characteristic is that theyare
on the border of solubility in water. Thus the prcper
hydrophilic/hydrophobic balance inthesecopolymers isthe
deL sv" facro' In d"r"r-in nS rheir surfdce oropenies.

Copolymers with a higher content of hydrcphobic
conventiona comonomers were not easily soluble in water.
Aspecial procedur€ (described in the experimental section)
had to be used to dissolve them.

li had been observed previously2T that hydrophilic
copolymers containing hydrophobic side-chains associated
in so ution forming submicellar structures with the hydro-
phobic side-chains inside the core and the hydrophilic side-
chalns outslde.The profilesof molecularwelghtdistribution
of copolymers studied obtained by GPC lFigure ll werc
consistent with the for.nation of aggregates in water
solutions. Bimodal dist.ibution curves were obtained with
copolymers conta in ing a h igheramountof  hydrophobics ide-
chalns. The amount of the hlgh molecular weight fraction
(assresaies) could be reduced when copolymers were
eluted on an FPLCsystem with ethanol,/water (1r1)instead
of waier (resuhs notshown).The rnolecularwelghtaverages
shown ln lable 7 are only rough estlmations, but can be used
as a comparative value for the group of copolymers

Some of the copolymers prepared contained about
1 mol% of methacryloyl tyrGinamideto permil radiolabelling'zs
whh 125l-lodine to imprcve the anal),tical procedu rcs describ€d

Adsontion on LDPE
The copolymers synthesized wefe adsorbed on to LDPE
from aqueous solution. Thecopolymerc have tvvo functional
units on then polmethyl methacrylate backbone: hexyl or
lau ry side-chains as the hyd rophobic u nit and long PEO side-
chains asthe hydrophilic unit (Flgu.e 4a) The hydrophobic,
long polymethacrylate backbone and alkyl side'chains will
interact strongly with the LDPE surface via hydrophobic
interactions. The polymethacrylate backbonewill be adsorbed
with small looos on the surface, to provide a more
entropically staote state2s'30. The long, hydrophilic PEo
chains will interact wilh water and be extended relatively
freely into the water phase lFigure 4al2a 2s3a.

Ailer the polynrers were adsorbed on to the LDPE
surface, ihe relative amountof adsorption was evaluated by
XPS. Althoush XPS analysis does not provide absolute
quantitation, it is very sensitive to very low adsorbed
amounts. lt gives useful and rapid comparative information
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Fisue4 Matha.rytate copotyne6 whh slde PEO and Btkvl chaihs lal
Sinplned structuEwnh fun.tional units: Ib) expetud de.t contomaton at
hvdtophobic soid ILOPEI-watet inEnace.

forrhe adsorption of polymers. The oxygen atomic % on the
LDPE surface, as determined by XPS analysis, was used as
an indicatorof the amount  of the polymeradsorbed,  as LDPE
does not show anyoxygen peaks (Fisute 5).Fiqurc 6 shcl&s
that the adsorption of the poymers (PEO mol wt 19OO,
polymer Nos.  1-1 1)  is  h ighly  composi t ion_dependent .  The
ve.y hydrophobic polymerswith MMAand HMAcomposition
just below the solubility limlt appear effective for stable
adsorption on to the LDPE surface.

Adsorbed amounts ofthe polymers containlng PEO of
tlvo different molecu ar weights, 1900 and 4OOO, were
comparcdinTab\e 2. Ftonl the monomercomposition ofthe
copolymers in Tablel, it car be seen that polymer
Nos.  9-12 and 1 6- l  I  and a lso polymer Nos.  1 3-1 5 and
20-22 have the same monomer composition, respectively,
except for 1 rnol% of MMA. Iable 2 shows that addition of

lable 2 Adsobed anount af the copolvne6 on LDPE sunre'

Pblymgr no MwEo oxysen domic % lXPs) /s/cm'?lr'5-abeln!)

1 6

1 9

o.25

o.21 + O.O2

0.35

1 3

2 1
22
23

"30 min deso@tion lnwateraher30 mLnadsorpiionol LDPEI lm n 1 mg/ml

1 mol% of N,1A-TyFNH, to the copolymers does not affect
the adsorbed amount of the polyme.s on the LDPE surface
Polymer No. 23 shows an interesting featurei this polYmer
contains 90 mol% hydrophobic comonomers and shows
excellent adsoerion properties. This means thatthe adsorbed
amount increases with increased hYdrophobicity of the
polymers. All polymers in Iable 2 were notdirecnysoluble in
water, and a spec altreatmentwas used to dlssolvethem in
water as discussed before.

Protein re6istance of pre_ireated L0PE surlaces
The prote n resistant character of the copolymer-treated
LDPE surfaces was also evaluated by XPS. The prctein
nitrogensignal of the polYmeFtreated surfacewascomPared
with that of u nrreated LD PE for th is pu rpose. F/gure 7 s hows
the protein resistance of the polymer (PEO mol wl 1900,

Blndlnq e^erqg Gv)

Figurc 5 xPS wide-scan af pu,e and copalynertreated L|)PF etdacc.
(potynet No.9, 30 hih adsotptian wnh dilfeeht polYnet coneniation)

MMA

Figurc6 Betatir'e adsorbed anount of the @polyne6 wnh diffeent
conpasltion on LDPE sudBce IPEA nolwt 1goa pavnet lu.s I'1 1,30 hin
desorytion in watet altet 30 nin ddnptian in 1 ns/nt potynet niutioh)
Dsta paints reptesent ave,ase vdlus al thrce sanptes, n = 3
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figure 7 Relave adsotbed anount of hunn albunin on tha.opolyner
teaEd LDPE sunffis IPEa notia 19AO potyner Nas 1-11: paiyne.
tEatnen4 30 ni, deeryrion in wate. slter 30 nin sdsarytiDn in 1 ns/nt
polyhet soldiot pratein adsotptioh. huhan albuhin 1 n,lhL 30 nin)

polymer Nos. 1-1 1)treated LDPE sufaces. Relativeadsorbed
amount of protein was determined as follows:

Belative adsorbed amount of protein
= (r% of polymeFtreated surface),/r% of untreated

By compaing Figurc 7 with F/gule 6, we can see that the
protein resistance of the polymeFtreated surface is highly
dependent on the adsorbed amount ofthe polymers on the
LDPE surface. In the case of the surfaces treated with
polymer Nos. I and 10, the amount of adsorbed human
albumin decreased more than 9O%, as compared wirh the
untrcated LDPE surface. fhe adsorbed amount ot human
albumin on the surfaces treated with different PEO nrol
wt, 190O and 4OO0,was compared in /arle 3 for both XPS
and l'?s|-labelled protein analysis. The polymer No. 23-
treated sudace showed excellent protein{esistant properties,
probably d ue to la rge amount of adsoptio. on LD PE su rface,

Tabte 3 AnsobetJ ahtuht of huhn Elbuhina m untedted and copalyheF

Methacr/la.-PEo sundtuE for protein .esistnre: J.H. Lee et at.

even though its PEO podon is only lomol%. Possible
explanations for protein resistance of the polymer-treated
surfaces include PEO s high mobility, its unique solution
properties, its low interfacial free energy with water and
steric effects, as discussed earlier.

Proteins are macromol€"cules. Will the copolymer
moleculesadsorbed on LDPE surface beexchangedwiththe
proteins during exposure to a protein solution? To answer
this question, time-dependent protein adsorption was done
on the LDPE surfaces pre-treated with the r25llabelled
copolymers. After protein exposure for different time
pe ods, the polymer radioactivity on the surface was
counted, conve(ed to values of adsorbed amount of the
polymeron the sudace and compared tothevalues present
before protein adsorption (Ftsure a). As seen in the figure,
there is little evidence of exchangeofthe polymer molecules
with human albumin for up to 1OO min exposure time.
Figurc I alsa compares the adsorbed amount of the
polymers on the LDPE surfaces both before and after
albumin adsoptlon for 3omin. The large decrease of
adsorbed amount of polymer No.23 after protein exposure
suggested a possibilityof inrramolecular aggregation of the
polymer in .queous solution.

Bcmoval of pre-adsorbed prctein$
The effectiveness ofthe copolymers for removalof proteins
pre-adsorbed on a hydrophobic surface was alsostudied by

adsorprron rime ol prorein, ?I {min)

exposu,e lpntein Bdsotptioo huna. atbunin 1 nglnl elutiot polyner

potynet etutian). (.1, pot/net No. 1 9: (. ), polyhet No. 21, n - 3.

E

I

%lyfrer no. Mwpro Nitbsen rtomic % lxPs) re-ldm2 ("1 bbel ins)

1 1
1 2

1.5  +  O.2
o . 1 2
0 . 1 51 3

1 5
23

'Pror€ n adsorprion; human .lbumn 1mg/ml n PBS pH 7.4, 30min

oray-'. t..im"nt; :O min A.*rprion in wder afier 30 m n adsorprion of
LDPElilm in 1 mglmlpolymer solulion.
"Nirrogencontgnrolhumanalbumii, 15.1%asddermnedbyXPsanaysis.

Po lUnernumbe.
Fisore 9 An.orhed anoont of palynerc oh LAPE sun{e betote md after
ptutejn adsotption lptut in adsotptioh. hunan albunin 1 nslnt, 3oni':
pother tearent 3A nin desotprion in watet aftet 30 nin tdsotptio. i,
1 ns/nt potyn{ sotution). ll ), befoE patejn adsotptioh; | 3). n = 3.
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treating the LDPE surfaces pre-adsorbed with human
albumin in the copolymer solutions. The protein nitrogen
signalfronr XPS analysis ofthe surface before and afterthe
polymer solution treatment was compa red. F/gule /Oshows
the removal properties of pre-adsorbed proteins by the
polymers (PEO mol  wl  19OO, polymer Nos.  1-1 1) .  Belat ive
adsorbed amount of protein was determined as follows:

Relative adsorbed amount of protein
= (,% €fte. polymer treatnenr)/(n% befote potymel

Nitrogen atomic % decreased after the polymer treatment
but it appeared that the comonomer composition did not
have a signific.nt effect.

Here we have some questions. Does the decrease in
nitrogen atomic % really mean a decrease in adsorbed
amount of protein afterthe polymer treatment?what is the
mechanism for removal of pre-adsorbed protein by PEO-
containing polymeric surfactants? Three cases are possible
for the decfease in nitrogen atomic % after the polymer
treatment, as seer in Figurc 1l . as the protern-bound
surface is immeBed i. the polymeric surfactanr so ltion,
protein molecules can be exchanged with the polymer
molecules if the polymer molecules interact more strongly
with the hyd rophobic s u rface tha n the pre-adsorb€d protein
molecules (a) ,  or  the h ishly  mobi le  PEO chains of  the
polymer may penetrate intothe protein bound on the surface
andthereby remove the protein from the surface (b), orthe
polymer rnolecules will bind on to the protein surface (c). In
the case of (c),the polymer will not work for protein removal,
even though the protein nitrogen signal will be decreased.
Frcm the studies lslng 1'?51-tabetted prorein, we can
dist insuishcases(a)and (b) f rom case (c l . rabie 4showsthe
results. lf only the shielding (case (c)) is occuftins, valid
radioactivity from protein-labelling will not be changed
before and afterthe polymertreatment. But as the adsorbed
amount of prolein calculated from the reta ned radioadivity
afterthe polymer treatment decreased, as seen in lable 4, it
can be said thatsome proteins are femoved fiom the surface

5h i€l d i ng
Figurc11 Possible hechansns invotved in rendat of.pe4detbed
ptuteins bv PEo cutainins sunttams lxPs stulvsis bnd "l-tabeth'o of
p'ateins or ynacbnts we,e used to dhtinsuish betueen thrce possible

after the polymer treatment. Now we must distinguish
between exchanse (case (a)) and elution (case (b)).' '7  

l labpl leo polvme-s Lrsed for  so lu l ion r 'Farrenr  may grve
an answer. lf elutlon predominates, then the adsorbed
amount of polymer after polyrner solution treatnrentwill be
very srnall. lfthe adso.bed amoLrnt of polymers on the pure
LDPE surface lTabte 2) and the LDPE surface afier the
polymer solulion treatmenl lTable 4l ate comparcd, it can be
seen that almost the same amount of the polymers are
adsorbed in both two sudaces, which probably means the
predomlnance of exchange (case (a)). However, the resuits
from XPS analysis and r25l-labelling of protein aru po,ylier
in fable 4 suggest that all three cases, i.e. exchange, elution
and shielding are actually involved, even though exchange
and shieldlng appear to predominate.

Compadson with commercial surfactants
The surface properties ofthe copolymers discussed in this
paper, such asadsorption on L DPE s urface. protein resistance
and removal of pre-adsorbed proieins, are compared with
those of some selected commercial surfactanis containing
PEO and PPO or PBO, from our previous stud esl7-13.

Table 4 canpatitun af the xPs shd 1'z5|-tahellihq Esuhs fot Enovat of
pE-adehed potein" by .he Nqolvnet teatnenf

Poymerno. MWpEo Nitro!6natomc% !g/cn? lrcm N/cn2 tron
fom protein

10 .4  1  3 .3

"PDrein pre.adsolprionj human albumin I ms/m,30min.
bPolymer soluiion teaimenti 1 mg,hl,30min.

AU-

3

\

o.21

o.25
o.20

r a
o.25
4.22

0 . 1 5Figurc 10 Relatve a&otbed anaunt af hunan albunln on LDPE sud4e
aftet the .opot'fie. solunan treatnent luotei. pte-adsotptio,, hunn
al bu nin 1 ns/n t, 3 A nin; P EA na t h 1 9OA potyner Nos. 1 1 I I pa |yft |
sotution treattuht, t hs/hL30 hin)n = 3.
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and lCl (Cleveland, UK) for gifts of the sudactant samples
and for technical information and the National Institutes of
Health, Devices and Technology Branch, (NHLBI) for the
LDPE samples.
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LDPE 9  r0  1 r  i : 2  r 3  r 4  r 5  2 \  1 !  26  t 7

Fisure 12 Canpanso. af sunace pnpenies betueen the srnthesj2ed

or PBO lpolyner N6. 24-27. connerci.l sodactants: potyne, No 24
PEA n-PPOI-PEO l3ttibtoctc palvnet No. 25 PEO B-PAOE-PEO,3t,ibtack
polyner No. 26. starlike 4 PEO26 and 4 PPOrs hl.ck polynet No. 27,
cald^.d Dolv@t o{ PEA. :PPO n-Pt Ot t - 3 bt, aparyn{s snhsded
- - 3..5 tot.ann.' icl <ude.t$B) t -. 

t6t td.ab-d anoLnt Dl por, net-
on LDPE suda@; (b) protein rcsista.@ af palvnetteated LDPE tun*e'
lc) ehovdt pr.pedies of prc-adtutbed prctein on LDPE snace by polyhel
sot,tian tEathent ll). atbunin l ns/nt adsaQtio': l. plasna lyo

As seen in FArle t2, the copolymers synthesized
show much better protein {albumin and plasma} resistance
than the commercial block surfactants, probably due to
Iarger aqlount of adso.ption and longer PEO chains, whilst
the corirmercial block surfactants show much better
removal properties of pre-adsorbed proteins than the
copolymers synthesized, even though their molecularweights
and PEOchain lengths are much shorterthanoursynthesized
copolymers. This means that exchange of proteins with the
commercial surfactant at LDPE surface may not be the
predominar't mechanism for removal of pre-adsorbed proleins.
Perhapsthe short PEO blocks of the commercial su rfactants
can penet€te more effectively into the protein molecule
bound on the surface and thereby elute the adsorbed
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