
















Surfaces

Ars/r,.I There is conside.ablc isteresl in thc imnobilizalion ofan-
tibodies on silica slrtace for liber oplic biosensor .pplic.tions, Tb€
physicsl and chemical prope.ties of antibodics immobiliz€d on silica
!u.f{ces were investis.led in lhis siudy. l*o antibody (Ab)-antigen
(Ag) model slstems, goat enti humrn lsc ,{b (polJclonal Ablrhu.ran
Ig(; (mullivllenl Ag) a.d holse anti-disoxin IsC (nonocloml Ab)/
disoxin {monoElent Ag), sere us.d. Both phrsicrl Md cordcnt in-
mobilizalion orantibody on silics su.fsc.! s.re inaestigrted, Tne co-
talently imnobilized Mtibody shors bettcr slabilily and ,{s binding
capa.ity- In ihe cae of l!.se As molecules. such as hunan IgC. rhe
nrximun $1igen binding c.pa.itr is p.ob*bly r€st.icled by st€ric fac-
tors. The r€strlts ofa. aDtibody specincif slud] rerell lhll the posi-
tir€ly cha.ged slrlsce sho*s high nonspecilic binding. The binding
.onslath ol anli-digoxin lsc and disorin arc similur in solution and
on difc.enl su.t&es, suggesting lhrl thc original confornstion ofAg
binding sit€s is pres€.red. go$eve., the binding coNtants of goal anii-
huosn ls6.nd humanlsc on su.fac€s are one order higherlhan lhat
in solution. This suggcsts that the €trhancedent in binding conslant is
a lunclion ofbolh local Ab con.entralion and size of Ag nolecules.

IN rRoDUcr'roN

TMVOBILI, /A f  lON of biomolcculcr ro .ol id pha.r ma-
lrenal\  ha'  been $rdely uscJ lor ranou\ purpo\e\ rn-
cluding purification, analytical assay, synthesis, and
sensing. The insoluble supporting materials used cur-
rently can be classified as biopolymers, synthetic poly-
me$, and inorganic suppons. The hydrophilic biopoly
men, such as agamse, dextmn, and cellulose, are the most
common materials. Enormous amounts ofwork have been
reported on uses of this type of materials. The synthetic
polymers, such as polyacrylarnide, polyhydroxyalkylme'
thacrylate, and polystyrene, have been explored as poten-
tial suppoting materials. Inorganic materials, like silica,
are probAbly the least popular among all supporting ma-
tedais. The reasons are nonspecific adsorption ofproteins
on untreated glass surfaces and chenicai instability ofthe
silica surface in high pH. However, as pointed out by
Weetall, it is possible to use porous glass as a substrate
for immobilization of biomol€cules jf proper surface
treatments are conducted ll. Haller gave a good review
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on the application of controlled pore glass in solid phase
biochemistry [2] .

One must admit that silica substrates have not attained
rhe \ame poluldr i t )  and \er.ar i l i t )  a.  agdrose in many
aspects of biochemical applications today and thus less
work has been done in an attempt to better understand Ab
immobilized on silica surfaces [3], [4]. Silica possesses a
unique property. that is, it can transmit light. Recently,
there has been considemble interest in the use of optical
fibers for remote spectroscopic sensing ofbiological mol
eculcs [5] [71. The potential application ofthese biosen-
sors is very broad, including patient bedside monitoring
during intensive care, the diagnosis of hurnan disease,
biotechnology process control, and therapeutic drug mon-
itoring. In our laboratory, we are interested in developing
optical fiber immunosensors [5]. We and others have pre-
viously shown that an electromagnetic field generated al
a solid-liquid intcrface by total intemal reflection can be
used to excite lluorescence of molecules present at the
interface [8]. Antibody molecules immobilized at the sur-
lace of a silica optical element bind their complementary
antige from solution, permitting analysis of antigen con-
centration in the bulk solution [9]. This method can also
be applicd to a cladding-free fiber optic sensor [10].

The main objective ofthis work was to characterize by
isotope labeling the physical and chemical properties of
immobilized antibody on three different pretreated silica
surfaces. Two antibody antigen model systems, poly
clonal antibody-multi'r'alent antigen and monoclonal an-
tibody monovalent antigen, were used. Equilibrium bind-
ing constants of the antibody antigen interaction in
solution and on surfaces, specificity of immobilized an-
tibodies, maximum antigen binding capacity, surface
concentration and stability of immobilized antibody, and
ellect of immobilization time on antibody activity on dif-
ferent surfaces were studied.

MATERTALS AND MErHoDs

A. Cleaning of Silica Sanples
All silica samples were cut from I in x I in x 0.1 cm

fused silica slides (CO grade, ESCO) followed by polish-
ing the edges very well. The size of the sample is 2.4 cm
x 0.955 cm x 0.1 cm and can f i t  into a 13 x 75 mm
culture aube (Fisher) in which all surf-ace reactions took
place at room temperature. A beaker containing tubes with
silica samples inside was first immened in hot chromic
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acid at 80" C for 30 min and lhen thoroughly rinsed in
pudfied deionized water fiLtered through a Milli-Qo ul-
trafiltration system (Miilipore), withou! louching any-
thing inside the container. The glassware and samples
were dried in a dessicator at 120' C for more than 2 h.
Atter drying, one of the newly cleaned samples was
checked by the Wilhelrny plate water contact angle tech-
nique to ensure the cleanliness of the s rfaces []11.

B. Silanization of Cleaned Silica Sanples
Two silane rcagents were used in this study: 3'amino

prcpyltriethoxy silane (APS, Aktrich) and dimethyldi-
chloro silane (DDS, Petrarch). The silica chips were re-
acted with a frcsh ethanol solution of APS (5 percent APS,
5 percent deionized water, and 90 percent absolute ethanol
v/v) or toluene solur ion of DDS ( l0 percent v/v DDS
and 90 perceni v/v toluene) for 30 min at room temper-
alure. ful lowed bi  r i ' l . rng $irh dfron., ,ed \ra,er ren rrr  e\
and absolute ethanol two !imes for APS surface or rinsing
with absolute ethanol lhrcc limes. deionized watcr live
limes, and cthanol again two times for DDS surfaces. The
chips were then cured in the vacuum oven (which has been
flushed with nirrogen three times) at 80'C for ovemight
(about 15 h).

C. Antibad, (Ab) and Antisen (Ad Srste/,s
The goat anti-human lgc (anti H lgc) fraction and hu-

rnan IgG (HleG) fraction were purchased from Cappel
Laboratories and monoclonal mouse anti-digoxjn lgc and
unlabeled and 'H labeied digoxin were gifts from Dr. S.
Pincus, Department ofPediatrics, University of Uiah, Satt
Lake City,  UT [21].

D. Radiolabelinq of Immunoglohulins
Goat anti-H IgC or H IgG was labeled with caffier free

l-125 ( 100 mci/ml, Amersharn) by a modlfication ofthe
chloranrine T method as described by Chuang .r dl. ll2l.
Centrifugation of4 cm bigh Sephadex c 25 corrse grade
resin (Pharmacia) minicolunns having 0.3 n1l of iodi-
nated protein solution has provided a rapid and simplc
means to sepanie the unbound iodidc [13]- The final con-
cenrrar ion ol  ' -  l -prolein qrs me",ureJ in a UV-Visiblc
spectrcphotometer (Beckman, Model 35) at 280 nm. The
constanls of 1.35 ml .  cm '  .  mg '  and 150 000 dalton
were used for the absorption extinction coefficient and the
molecular weight of IgG, respectively. Labeling efii'
ciency was determined by precipitating IgG molecules
with 20 percent trichloroacetic acid (TCA, Sigma) in the
presence of bovine se.!m albumin (Miles). Both super
nate and precipitate wcrc counted in a gamma well counter
(Beckman).

E. ln obilization of AntibodJ
Two types of Ab immobilization were performed: I)

physical  adsorpt ion of Ab (0.6 mg/ml in 0. l5 M phos-
phale bufered saline, PBS, pH 7.4) onto either DDS or
APS treated silica surfaces for various length of time fol-
lowed by rinsing wnh PBS. 2) covalent immobilization;

the APS samples were reacted with 2.5 percent of glutar
aldehyde (Glu, E.M. grade, Polysciencet in PBS for l l
h followed by rinsing with PBS butrer J141. The Glu sur
faces were then reacted wjlh Ab solution (0.6 mg/ml) in
pH 9.2 0.1 M carbonate bufierforvarious lengths of tine.
The Ab coupled samples were washed with PBS buffef
and the remaining aldehyde groups on ihe surfaces were
dcacli\,ated with 0.2 M cthanolamlnc (Aklrich) lbr t h.

The Ab inmobilization ";sotherm" for the DDS or Clu
surfaces were obtained by varying the lenglh of incuba-
tion time in a known ratio of cold and rAl-anti-H lgc
solution, and, as a resuli, the saturation surface concen-
lration of Ab was oblaincd. The stability of immobilized
Ab was sludicd by soaking the Ab coared samples in PBS
bulltr and counting the samples as a function of desorp-

F. Biruli s Snulics of Inutnbili.erl Ab's
Several tvpcs of RtA were cafried out using radiola

beled Ag. Firsl, we detefmined irhibition of binding of
l'?jl-tlJgc to Ab coated surface by adding d;trerent
amounts of cold H-lgG. This was done to determine ifthe
properties of the lgc molecules remain unchanged after
iodinat ion.

Second. the specificity of goat anti-H lgc coalcd sur
faces (prepared by the three different methods described
above) was investigalcd using a fixed concentrarion of 1':5l-
H-IgG togeiher wilh various amounts ol cold rabbit
IgG I  R lgG ) t rxcr on {  Canpel, .  I  rnr,  In i ,  ( rpcr imenr.  one
could see how R lgc inlerferes with the interactions of
anrr-H IgG and H-IgG.

Third, Ihe relative ailinity Kr of anti H lgc and H-lgG
in sohtion was determined according to Minden €t dl.
ll5j. The second Ab rabbit anti goat IgG (anti C IgG,
Cappel) was used to precipitate the anti-H IgG and H
lgc complexes. Various anounts of l']sl-Hlgc were
added to antiH IgG solution followcd by shaking the so-
lutions at room temperuture fbr t h. Then a minimum
anount of anti G lgc req ired for precipitatjon, which
was determined separately, was addcd to all tubes and
stored at 4'C ovemight. The binding isotherm was ob-
tained by counting thc precipitates which had been washed
three times. All microtuge lubes were precoated with hu-
man seruln albumln (Mj1es) belbrc use.

Founh, binding isotherms oftbe Ag to the immobilized
Ab were obtained by adding various amounts of the ra-
diolabeled Ags. Goat ant l -H IgC/HlgG and mouse ant i-
digoxin lgc/digoxin on lrvo surfaces, the DDS and clu,
were investigaled. Thus, a total ol lbur binding isotherms

Fifth, the efecl of diltcrent Ab immobilization times
on the activity ofAb was examined by usirg anti dieoxin
IgG and'H-digoxin. Since digoxin is a monovaient hap'
ten, it is reasonable to assume that the numbers of bound
digoxin molecules can be used as the flumbers of Ag
binding sires that still lemain active after immobilization.
The 'H digoxin on the sjlica samples was counted in a
liquid scintillation counter (Beckman LS 7500). The ex-
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perimental prucedures werc the same for all: the Ab cou-
pled samples were incubated for I h in Ag solutions con-
sisting of 0.5 percent Tween-20 pH ?.4 PBS bufer.

REsuLTs AND DNcusstoN
l) Prcperties of lodinated Protein Molecules: Shce

chloramine-T is a strong oxidizing agent it can alrer a pro-
tein structure by reacting with amino acid side chains. In
order to prove the integriry of the iodinated lgc mole-
cules, an experiment was done by adding vanous amounts
of unlabel€d H Igc to inhibit the binding of r'zsl H-IgC
with anti-H IgG. The results showed rhat unlabeled and
labeled H-lgG's behave idenrically.

2) Specifciry of Antiborr" Immobiti.ed on Diferenl
Srddces: The three surfaces used to immobilize the Ab
were the DDS. APS, and Clu sudaces. The DDS surface
is very hydrophobic. The APS surface is more hydro-
phi l ic and r.  posr l ivel)  charged in a pH - en\ i ronmenr.
Since there are no functional groups available on thcse
two surfaces to directly immobilize Ab covalently under
the expe.imental conditions, Ab binding is via physical
adsorption. Hydrophobic intemctions are primarily in
volved in the case of the DDS surfaces and electrostatic
and/or hydrophobic intemctions for the APS surface. The
Glu suface permits direct covalent immobilization. The
reaction mechanism has been suggested by many groups
t141,  t l6 t .

Competitive inhibition experiments werc conducted to
test the specilicity of immobilized Ab. The inhibition of
binding of ''"I-H-Igc to immobilized anti H tgc by R
lgc on the three surfaces is shown in Fig. 1. The two
smooth lines are the theoretical cufr'es. The upper curve
indicates no inhibition and the lower curve indicates that
the inhibitor has an equal ability ro the Ag to react with
binding sites. No inhibition was observed for Ab immo-
bilized on the DDS and clu suriaces within the range of
R-IgG concentratiors rested: however, the inhibition
cufie for the case of Ab on the APS surface shows sig-
nificant nonspccilic binding.

Although rhe e\acl  mechani\m or reduct ion in tmmu
noactivity of Ab on the APS surface is not understood,
the protein molecules may have undergone some kind of
conformational chang€ or denatumtion rcsulting in the
nonspeciiic birding. Chuang er dl. u7l observed rhat
when prolhrombin was adsofbed to arti6cial sufaces such
as polyvinyl chloride (PVC), the cross reacrivity of sur
face-bound prothrombin wirh Ab lgc to rhrombin was
shown to be significantly increased. Healso suggested rhat
the increase in cross reaclion was due to a conformational
change in the adsorbed prothrombin molecules. The DDS
and Glu surfaces u ere used lor rhe remaining e\penmenl\
because they showed specific binding.

3) Surfoce Concentration and Stabilir- of Innobilize(t
Anti-H IeG: The anti-H lgc coupling on rhe DDS and
Glu sudaces are shown in Fig. 2. Physical adsor?tion of
Ab on the DDS took a sho(er rime to rcach saturation
than did the Glu surface. About 2 h was needed on the
DDS and 7 8 h on the Glu surface. The surface concen-

Farooru.hbrAd R toc rab€,.0 rob
Fie. l Bindire oflabeled hunran 1gC to goai anli huhan IgC Ab imno-

bilized on the DDS, APS. and elubdldehyde activated sufaces in the
presence of varioDs lmounis ol unlabclcd rabbir IgC. Two theoretical
Iines: upperlimil lno nrhibitn)n) and loserlmn (thc rabbirjgc and hu
nr IsC having equal abiliry rorbinding ofAc binding sitct.

*
E

tmmobrzaron rn6(hG)
Fre. 2. The kinetics of.ouplina ofgoar adihuman tac Ab to the DDS

and glutar.ldehtde activatcd surfaces.

tmtions are about 8 x 10 L mole/cmr and 12 x 10 L
mole/cm' for the clu and DDS surfaces, respectively.
Fig. 3 shows the stability ofbound anri-H tgc on rhe two
surhces stored in PBS buffer. About 18 percenr ofthe Ab
desorbed from the DDS surface into PBS buffer within the
first i0 h. However, ar the end of rhe 120 h rhe loss only
inc.eased by another 2 percent or so. This suggests that
most of the Ab is iffeversibly adsorbed. The Ab immo-
bilized on the clu surface was slable up to five alays in-
cubation in PBS buffer. This result suggests that not only
stable bonding was formed between rhe Ab molecules and
Glu layer, but also that rhe stability of the ApS layer was
rncreased by the presence of the Glu layer because t}Ie
APS surface itsell is susceptible to hydrolysis and thus
should not be stable for long periods [18]. This resulr is
consistent with Monsan's finding [14] that rhe attainment
of stable products after clu reaction may involve poty,
meric lonns resulting from aldol condensation of glutar
aldehyde molccules to form a clu poiymer.

4) Ag Binding Capacitj: The maximum 3H-digoxin
binding capacity as a funcrion of immobitization time of
anti digoxin lgc on the DDS and clu surfaces is plotted
in Fig. 4. Anti H lgc was frequendy used in place ofthe
less available anti-digoxin Igc. lr is reasonabre ro assume
that their suface coupling properries are very similar. The
anri  digo\ in IgC nn rhc CIL 'ur lJce reaches ma\jmum ac-
tivity at about 7 h, which is appmximalely the time re-
quired by the anti-H IgG to satlrate rhe surface (see Fig.
2). Atler about 7 h, the activiry of immobilized antj-di-
goxin Igc started decreasing. This might be due ro the
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fact that morc bonds are formed between the Glu layer
and IgC moleculcs. Consequently, the moiecule becomes
nore dgid and resulis in blockage of the binding site to
the Ag molecules. Howevet, the decrease is small com
pared wirh lhe lordl  bound diSo\ in The mc\imum per
centage of immobilized anti-dig lgc which rcmained ac-
tive can be calculated by taking the highesi value ofbound
digoxin, which is about 24 x l0 r3 mole/crn'z' dividcd
b y  l \  o  r i m e \  l h e  v r l u c  n l  m a \ i m u m  \ u r f x c e . ' r n ,  c n l m l i o n
oi anti H IgG frorn Fig. 2, which is about 8 x 10 'z

mole/cm'?. About 15 percent of immobilizcd Ab remains

Thc lower curve in Fi8. 4 shows the activity ofthe anh
digoxin IgG on the DDS surface. Thc bound digoxin in-
creases linearly with increasing Ab adsorption time; from
Fig. 2 thc Ab salurated the surface at about 2 5 h. This
indicatcs thal Ab binding sites continuously increase at a
constant amount of adsorbed Ab The increasc rs almosl
doubled at 15 h compared with 2 h. This resutt rs not too
surprising bccause there is much evidence thal protein ad-
sorption is a {lynamic proccss [19]. It is believed that the
protein molecules continuously reoricnt themselves and
finally reach equilibrium on the surface The digoxin
binding capacity ol Ab on the DDS is about 6 4 times
lower than on thc Glu surface from I to 15 h

The Lr5t H-lgc binding isotherms on thc ant i  H IgG
coated DDS and Glu surfaccs with difierenl Ab immobi-
l izat ion t imes arc plotted in Fjg- 5.  Thc maximum binding
ol ) ' l  H laC ar plaleuu reginn 'hown in lh( hgurc is chout
I  5 l0 '  .ot .  . ln ' rn.r  . r  l0 |  nrole cnrr for the
DDS and Glu surfaces, respcctively. Both numbers are

roral|12s H oG added{rc)
l !  d r n  '  ' \ . " '  \ '  I  k r  l t '  '  r 1 d  d a r '  n I h u r r ' l e c a q  n

i D l '  d  1 D n \  r o r ' r {  l d c l r ' . , 1 \ J e "  '  c ' l  d ' f c r e r  4 \

much less lhan the numbers for the binding of digoxin
The maximum coupling of anti H lgc-for the DDS and
clu surfaces in r i i .  z l re 12 x t0 r? and 8 x 10 rr '

Therefore, less than 4 percent immobilized anti_H IgG's
remains activc. This is because the goat anti-H IgG used
was only an IgC fraction and thus the conlcnt of spccific
Ab is low. Another interesting feature shown in Fig 5 is
that the rr5l-H-tgc binding capacity shows no depen
dency on different Ab immobilization times becaLrse the
two curves plateau at the same region for each sudace
The possiblc explanation might be due to steric hindrance
factors of the largc H IgG molecule. In another words'
the binding sitcs that become active wilh increasing ad
sorption time are only accessible to small hapten mole-
cules such as digoxin.

5) EttuiLibriun Constants o[ Inmobilized Antibodies
drul Antigens : Most discussion of Ab Ag interactions as
sume that both of them are in soluble form. They are tiee
to move in the solution and association and/or dissocia
tion of Ag molecules from Ab molecules occurs npidly
to finally reach equilibrium. The main objective of this
study was to investigate the properties of immobil:zed
Ab's. Two questions can be asked. First, will the binding
constant i: changc because the contbrmation of the im
mobilized Ag-binding site is diferent fiom that in solu-
tion? Second, will the tr increasc because the Ab mole
cules are not free to move, rcsulting in an increased local
Ab concentralion?

In order to answer these two questions' the .K of two
Ab Ag systcms used were determined. The inlrinsic as
sociation constant Ka for mouse antidigoxin lgc and di-
goxin was obtained by using Sip's equation [20l The
highcst value of bound digoxin was taken as the concen-
tration of active binding sites on the surlaces from which
r' (molcs Ag bound per mole of Ab) was tben computed
The,((, values lisled in Table I are close lo the value in
solul ion, 3.54 x I03 M !  t2i l .  Two to three t imes di f-
ference was felt small enough to be attributed to expen-
mental djfferences. The indcx of heterogeneity .J calcu_
lated frorn Sip's plot and the ralio of bould digoxin to
acrive binding sites on the surlaces are all equal to I as
expected- Sincc the 1(d directly rcllects the free enefgy of
Ab-Ag interaclion, lhis resuh might suggesl that the con-
fomalion of Ag-binding sites is preserved' and il is the

3
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TABLE I
TE EFFECToF DTFFERENT IMMoBrLrzArroN MErEoDs AND SURFACES oN

THE ASSOCIATION CONSTANT

same on the two ditrercnt surfaces and in solution. This
also suggests that immobilized Ab has no efect either on
local concentmtion or on the positive or negative cooper-
alive binding when inonovalent Ag is used. Liu etdl. [22]
made similar observations. He showed that there was no
difference in afinity comtant between monovalent Ab
(Fab) or intact bivalent Ab on surfaces ofpolyacrylamide
beads and in solution with regard to the binding of mon-
ovalent hapten,

The determination of relative association constant Kr of
anti H IgG and HlgG is complicated by the polyvalence
of the Ag and tlle hetemgeneity of Ab afinities- Probl€ms
caused by Lhe former can be orercome by using proper
Ag concentration to prevent tlle Ag being bound by more
than one Ab. Problems caused by the latter, which would
have nonlinear binding chamcteristics, can be surmounted
by using the method developed by Stewad and Petty to
analyze the data [23]. In this method, total Ab active sites
were determined graphically from the rcciprocal Lang-
muir equation by extrapolating the plot of 1/[6] versus
I/ l  AB I .  Kr l ' \ ted in Table I  lor rhe r$o eurfaces are very
close, again suggesting that the confomation of binding
sites is the same on the two surfaces. It has been shown
thaf polyclonal Ab exhibits a distribution ofbinding con
stants [24] . If ce(ain clones couple preferentially , the ex-
perimentally derived trr will vary for different surfaces.
Our data indicated that fr is essentially unchanged for
two surfaces, implying that the coupling of Ab's to these
surfaces is a_mndom prccess. However, (r in solution is
2 X l0' M-'and is one order lower than that on surfaces
(Table l). Since tho ratio of bound H-IgG to Ab active
binding sites is close to one for all situations, this implies
that the binding enhancement on surfaces can be ex-
plained by the factor t]Iat the probability of a H-lgG mol-
ecule caught by neighboring Ab active sites is higher on
surfaces than in solution. As mentioned previously, no
binding enhancement was observed in anti-dig Igc and
digoxin system. In other words, the magnitude ofbinding
enhancement deDends on both local Ab concentration and
size of Ag molecules. Lui et dl. also noticed that the im-
mobiliz€d Ab against multivalent Ag showed binding en-
hancement [22]- The index of heterogeneity devi,tes from

CoNcLUsIoN
The obsenations obtained from this study are
1) the Glu surface is a better surface than the DDS sur

face in terms of Ag binding capacity and stability. Both
surfaces have high specific binding.

2) the Ab is denatured when it is directly adsorbed on
the positively charged APS suface (no specificity).

3) tire 1<d of anti-digoxin IgG and digoxin are similar
in solution and on different surfaces, suggesting that thc
original conformation of Ag-binding sites is also pre

4.) the r<r are similar on the iwo surfaces, suggesting
that the coupling of Ab is a random process

5) Biflding enhancement was not observed in anti-dig
IgG and digoxin, whereas it is found in anti-H lgc and
H-lgG, suggesting that the enhancement was the conse-
quence of both high local Ab concentration and size of
Ag molecules.
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Introduction

Some of the morc common methodsl of studying pro_
teins at interfsces ale ladiolabeling: eltipsometryi rotat
rnlernal reflectance fluorescence (TIRFrr infrar€d rIR),
Ksman. and x-Iay pbotoelectfoo {XpS) specrroqcopies;
ano scannrns eledron microscopy rSEM) Whije each
ol these lechnjques is capable ofprovidins crirical infor-
maiioD regarding the ,dsorbed speries. ttis info.mation
rs_aclually a measure of rhe average properlies ofall rhe
adsolted proteins in a micron-sizcd tor ereater) ajes. \o
t€chnique is avsilable airh wbich to chaiaderize individ-
ual adeorbed ploreins. ln addirion. SEM and XpS arenormdry used rn a vacuum envirorunenL which is radi
cally differenr from an aqueous one in whi.h profein
adsorption is occrrdng. So, the information msv rct be
representative of the actual event"s. The auornic torce
miooscope (AFM), however, can be operated r d aque_
ous environment and is capable of providing real_rime
rmages ol protem adsorptioD witb a resolurion sufficient
to see individual molecules.

"The 
AFM'zcan be used io obtain atomic-scale imaees

orsurraces." Ihesurliace to be imaged is mounlfd onlo
a Lx)?r prczoelechic cr}slal snd is mstered beneath a sharp
tjp aLtacled Loa cantilever. Tbe rip rides across rhe suF
race, and thetbrces beLween tbe surface and the tip cause
deflection of th€ cantii€ver. This deflection ca]] bi mon-
itoled by using a scanning iunneling rip,.3 or, oore eas-y. rl can be monilored by movemenr of a lasel beam
thal is reflected off rhe back of rhe canril€ver.&e Sinc€
rhe canrileler is sensiLive to rhe inkrmoleculai forces
between tbe tip and the sulface. rhe sampte need Dol be
a.ronducl,or to be ii:naged. Images hale not only been
obtained trom graphjteH and mer"ols€ bur also trom

eemiconducrorsaT and insularing po[mers.ro ', Mag-
nerrc ne ros " and chrlgect regions in materials'r have b€eDimaged as weI. More deraited reviews ofrbe AFM the_
ory arc pr$eDted by Marti et al. and Hansrna et al.t5i6

The AFM bas already bcen used lo imase surfaces in
sn.aqueo{s envronmenL.,, Underwaler inages of cryq_
laline -mica and potyalanine on riica have been obtain;d.
uDe sdv€nta8e of u!;ng water as s scanning medium is
the mrrurzation ol general adhesion forces lhal resull
between the tip and the surface.ls Such forces domi-
nare.lhe inleracrion between rhe dp and tle sampte sndprotu bit ihe poesibility of obrainir:g h ish+esolutior im3ge6.
ln adclition. lhe prccess of scanning surfaces in aqueou!
enlrronmeDis_enables one ro reajistically irbage br.ologi_
cal sFtems. The AFM car obrain rew inaees q,itbi;a
lew se.onds and can therefore moDitor biotoqical Dro-ce$es iD real rime. Recenrly, Hansma et al.'? *ere ;ble
to follow the formation of a poltmerized fibrin networl
on a mica surface by addins thloEbin to a sotulion of
rrDnnogen. lhese imagmsbowed fibrinotisomersagerF
gaung lo rorm a srngle potymer slrand. Formstion of
addiuonal srrands occured adjacent |,o rbe first.

This paper discusses rhe imases oblained from tle
adsorplion ola rnurine anunuoreacyt moooctonal immu_
noglobuUn G {4-4-20 lgc, r^r)ls from solution onto clean
mica surliaces. This prorein was cbosen because iris eas_
ily crystailized and ba€ sef-asgregadng propellies. We
hopecl lhaLsome unique ordering upon adsorplion to Lhe
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mica surface misht occu, and, if so, this ordering could
be inaged with the AFM. We felt that desorption misht
be obsewed as well.

Methods
The AFM expeim€nt€l appdaius has al.eady been desdibed

elsewhere.r6 Molement of the nic.ofabricated caniilelefl is
detecied by the positioliDg of a laser lighi bed that haB .eflect€d
off the back of the caltilever and is detected by a pair of pho'
todiodes. The AFM ihages de continuously recorded on video
tape fo., late. .eview. A flow cell has been setup a$oss rhe sur
face of the ni.a Dd a]lows rapid exchance of ihe fluid.

Mica (Aihevi e'Schoomaker) paB affixed to ihe piezoelec-
t ic Gystal si€ge ed cleaved in siiu. The flow.ell was con'
stru.ted eound the Btase, and distilled water was injected onto
the mica surface. The dico.etilever was adv@ced lniil the
fo.ce between the tip and the 6Eface approdbated 10 ' N.
The nica was then inased continuosly in th€ feedback hode
with a scan area of 1S00-A x 1800 A aDd a consiet scan speed

The AIM tip was retncted from the nica surface, and a
solution of 18 pslnl, IsG 4-a-20 (a gift fron J. N. He!.oD) in
phcphate-buffered Baline (pH 7.4) was injected into the flow
cell. The tip was advanced to the mica su.face, thich was then
imaged coniinuoaly in the feedback mode over a scan dea of
1800 A x 1800 A. After 4 nin. the scan area was increded to
4500 A x 4500 A (ful sc.le). After mother 1.5 min, the AFM
waB switched to rariable force mode for the rcdainder ofthe

F

imaging.'] The adsoryi.ion process was imased continuously
for 40 min. Durinc this tine. the Bcan aea {as deoeased to
1800 A x 1800 A a;d to 900 A x 900 A €nd then .etumed to
full scale.

Immediately afte. the 40-min IgG adsoDiion. the tip was
retracted ald the flow cell wss flushed with dtutiiled water. The
.uf6, p qs- -"dned for l0 min sr full scale, ar 1800 A \ 1800
A and then at 900 A x 900 A.

R€sults
The image obtained of the mica suface undelwater is

flat and featureless indicating a pdstine surface.
Within the first 2 rnin after injection of the IgG into

the flow ceil, a continuously growing aggregate was
obseNed in the lower risht-hand corner of the sc.een.
This ima.se wa.s obiained in feedback node and had dinen-
sions of 1800 A x 1800 A. This asgresate appeared on
lop of t l 'e fealueless m;.8 background. After 5 min. lhe
scan area was in.reased ro 4500 A x 4500 A, and'r idg-
es" appeared (A). The AFM was then switched to vari-
able-force mode (B), and the same imase appeared (dif-
fercnt cortra-st), indicatine that €ither mode could be uaed.
As time progressed, it was clear how the adsorptioD wag

(21) Variable rorce node for an AFM is aralogous to constei-
heighi node lor d STM. Hosna, P, K.; Te6oft J. L{ppl. Pn$.
1939.6t. Rl R23,

(22) Hlady, V.; Vm Wasene., R. A,; A.drade, J. D- rn S,r/dce dnd
Intetacial Aspects of Bionedical Polyn?rs; AndDde, J, D,, Ed.i P1e
num Press: New York, 1985i Vol. 2, pp 31-119.

BA

ED
I'icure l. tAl Feedback ihace of 18 !s/ml, lec 4-4'20 iD PBS on clean mica afte.5 miD. Noie the forhation of assregate "ridg-
es": The scao area is a500 A i 4s0o A. iB) va;iableforce-mode imase of 18 pslml- IgG 4-4-20 in PBS on clee hica sfter 5.5 min.
The idges s.e now resolved better. The scan arca is 4500 A x 4500 A. (C-E) V&iable-fo.ce node iDages of 18 ]ls/nl- kG 4-4-20
in PBS;n cleEn ni.a. Tibes of adso.ption &e 15, 1?-5, ed 20 rqin. Glosth of the nonolayer centers about the ridges ud pro_
ceeds until a ned nonolayer is formed. The scd des se 4500 A x 4500 A- (I) Vadable-force-node in&ge of 18 pslnl- IgG 4_
420 in PBS on clean mica. AdsoiDtion time i6 37 min. After a near conplete monolayer b forbed, a second laye. besins to depGit.
Th€ scan eea is 4500 A x 4500 A.

(20) Arbrechi, T, B.; Quate, C, ! , ,L Vdc. Sci. Technol, 1984, 46,271



takins place. Molecules that larded adjacent to th$e
ridges would adhere, resulting in two-dim€nsional gro*th
in the plane of the surface (C). Yei most molecules that
landed by themselves would desorb readily, as evi-
denced by the disappearance of these isolated mole-
cules. The size of these molecules roushly matched the
known size of an IgG nolecule. The deposited IgG
appeared as mounds, and subsequent ftam€s showed
smearing of these imag$.

The ridg$ continued to spread (D, E) alons th€ sur-
face until a monolayer covered ihe surface of the mica.
Althoush it is difficult to obtain accurate height dinen-
sion in va able-force mode, the monolayer thictness was
apFoxinated at 50 A, which is consist€nt witl the dimen-
sions of an IsG mol€cule. Near the end of the nono-
layer formation, a second layer start€d to appea.. This
second layer arose liom msny different site8 on the first
layer since protein interactiom could occur from any-
where on the suface (I). Upon sroe'th of the second
layer, most IgG rnolecules that deposited would adhere,
but then smear, sussestive of a rapid conformational
change.

After the water flush, the surface exhibited altered fea-
tures, but there was no evidenc€ that IgG desorption was
taking place.

Dbcussion
The ob€e ations of depositad kG on t]rc surface appear-

ins only as agsresates and of individual mounds rapidly
desorbing fron the surface are suggestive of lat€ral inter-
actions occurring between the adjacent IgG molecules,
which appear to be important for fomation of a stable
protein layer. Th$e lateml interactions are not unex-
pected, since this pmtein has some self assresatins prop-
erties. What is interesting is the necessity of lateral int€r-
actions fo. adherence to the su.face. Perhaps, an IgG
molecule by itseiJ can only get a toehold on the surface
at fi$t and can be desorbed easily. Once it has multiple
holds with the surface and neighboring nolecules, the
probability of desorption decreases significanuy.l This
would elplain the phenomena we obse ed here. This
argument h also support€d by the obseNation of a sec'
ond IsG layer adsins from many different areas on the
monolayer sudace. Here, ihe deposited lsG can arise
from any number of places, since inte.actions ca]l occur
from arvwhere on the monolayer surface. Prior to this
experimenr, a protein ad"orplion isorherm on mi.a was
obtained by using l'sl-Iabeled IgG. The isotherm showed
Langmuirlike behavior, and at a concentration of 18 rg/
mL, the mica suface was only 40% covercd (less than a

Aft€r the water flush, IsG desorption was not obseNed.
Perhaps, d€soption was slower than the obseNation time
(minutes) due to the st.ength of interaction between the
adjacent IgG molecules. Preuous data have shownz that
IgG does desorb from a siiica suface, but that study wae

Latenuir, Vol.6, No. 2, 1990 5L7

perfomed with polyclonal IgG arrd may behav€ differ-
ently ftom the present system.

Certainly, these observations were not solely a conse-
quence of simple adsorption phenomena. A number of
times, protein mounds \rould be diEplaced parallel to the
rapid scanning direction only to be retuned to their orig-
inal pGition upon subsequent images. It k clear that
the tip ofthe probe is "massagins" or pushing the mole-
cules on the surface. The €xtent to which this occu.s,
however, is not known, and any conclusions car only be
made Leeping this in mind. For example, maybe the for-
mation of aggegates results from the probe pushing the
molecules over to a small cluster of molecules. Th€ probe
may not be able to displace this cluster Iaterally because
of the strength of inte.action it has with the surface and
can only'hop" over it. In this mamer, the pmbe may
behave as a satherins device which sweeps the mole-
cules into piles. This phenomena may explain the dis-
eepancy between the AFM images and the isoth€rm data.
ln addition, the desorption of individual molecules ftom
the surface may be a result of tip int€mction. Thus, the
pmbe may sweep these molecules off the Eurface as wel.

We emphasize that this expedment is a prcliminary
one done at one protein concentration. The effect of con-
centration on the adsorption pattem is yet unknown but
is th€ subject of onsoins studies. Futhemore, the issue
of pmteh adeorption on the probe it€e]f was not addressed
here. This issue is important and merits further detailed
study and consideration.

Corclusior
By use of an atomic force microscope, real-time imag-

ins of IgG deposition on flat mica was acconplished. While
IgG adsorption may occur an,'where on the surface, only
those molecules with sufficient lateral interactions had
the capability to remain on the Budac6, Isolated mole-
cuies desorb readily. A second layer codd be observed
after 35 min of adsorption. It was hoped that udque
ordedng of the IgG on the surface could be visible, but
this was not evident. Although, restructu ng ofthe sur-
face had occured in the desorption experiment, desorp-
tion \ras not conclusive.

Wlile it is excitins that individual molecules could occa-
sionaly be seen, it is not clear how much the probe alfects
molecuhr conformation. When more seNitive cantile-
vers alld more sophisticated detection systems are dev€l-
oped, it may be possible to operat€ the AFM with forces
oJ 1ttro 10 rr N and image biomolecules unpeturbed by
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