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PROTEIN ADSCRPTION STWIES: CUSTER ANALYSI
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S OF FT-1IR SPECTRA.

INTROUCT ION

The collection of numerical techni
vital tool in many areas of science,
of these techniques given set of ocbjects into its
inherent classes based on Some quantitative measure of similarity,.
Myplications c,}{ cluster analysis to several tLypes of spectral data have
Leen reparted?., 1n Lthis paper, we apply cluster analysis to a set of
protein Fourier transform infrared (FT-IR) spectra. This set consists of
spectra of the same protein in two different physical states: in solution
and adsorbed to a surface. Def it

‘f differences between the spectra of
these two states have been observed~, We will show how cluste
can be used to help Quantify this cbservation.

ques known as cluster an?]ysis is a

such as systematic biclogy’. The goal
15 Lo partition a

r analysis

METHODS

The FT-IR spectra were obtained using attenuated total reflectance
ATR) °.  In this technique, the IR beam 1s sent through a crystal, where it
underqoes multiple internal reflections. At the Points of reflection, a
standing wave estends far enough outside the crystal to Probe material on
and near the crystal face, The FT-I1R/ATR technique has been adapted for
studying protein dcl.-.'r.u;-:gaa by putting the ATR crystal in contact with a
flowing protein solutions

E‘:q.crj'nmr.al. Details of the experimental procedure have been reported
elsewhere” and so will be reviewed only briefly. The protein solution was
canposed of bovine serum albumin (BSA) in citrate phosphate buffered saline
a 30 mg/ml. This solution wWas pumped through a special flow cell, one
wall of which is a germariium ATH crystal. After an irreversibly adsorbed
Protein layer was deposited on the germanium surface, a spectrum was
collected. Saline without protein was then flowed through the cell,
ancther spectnum was col lected. By Subtracting a reference spect rum of
salire from the second Spectrum, a spectrum of the adsorbed BSA was
obtained. By subtracting both the saline reference and the adsorbed BSA
Spectrum from the farst Spectrum, a spectrum of the BSA in solution (bulk
BSA) was obtained, S5ix Separate runs of this procedure yielded the six
adsorbed and six bulk BSA Spectra used for cluster analysis,

1 Preprocessing. 1t is often nece
Preprocess the data to remove significant s

otherwise lead to Mmisleading results. A ecammon source of (low-frequency)
noise in biological FT-IR spectroscopy is variation in the spectral
baselige. To compensate for this variation, a recently deve | oped filtering
method” was used. This method (Legendre filtering) involves deriving, from

the special functions known as Legondre polynomials, an orthonormal set of
Polynomials that can serve as the

basis for an expansion of any spectrum,
Within a given wavenumber reqion. The filtering consists of removing the
first few terms of this e

*pansion; these terms contain luu-duc;:eu
polynomial canpunents of tle spect rum,

Ssary in cluster analysis to
ources of noise, which might

A

[ R




POLYMER SURFACE CHEMISTRY APPLIED
TO THE DEVELOPMENT OF IMMUNOSENSORS

J-N Lin, H. Yen, J. Kopecek, J.D. Andrade, and J. Herron
Departments of
Bioengineering and Materials Science and Engineering

University of Utah
Salt Lake City, Utah 84112

INTRODUCTION

There is considerable interest and activity today in the development of
biosensors (1,2) based on a wide range of detection mechanisms, including
fluorescence (2,3), changes in refractive index (2,4), change in weight using
surface acoustic wave or quartz crystal methods (5), and current voltage
detection via semiconductor and/or electrode methods (6). Most biosensors are
based on the specific ligand binding characteristics of biochemicals,
particularly antibodies (2,3), lectins (7), receptors (8), or enzymes (9).

Our work is based on specific antibody interactions, using fluorescence
detection--essentially conventional fluoroimmunoassay (10), but using optical
waveguide techniques for signal separation and detection (2,3). The basic
concept is given in Figure 1. Basically, specific antibodies (or antigens)

E Anlibody binding
Antigen surface
E; tmmebllizalion
o R
Z
d-—

TIME ==

e 4

Fluerescence light

FIGURE 1: Schematic of the optical fluoroimmunosensor concept
(see text for details).

are covalently immobilized on the surface of an optic waveguide. The
immobilized antibodies bind their specific antigen (or antibody) from the




solution. Generally fluorescent-labelled antigen is introduced locally and
competes with endogeneous, unlabelled antigen for the antibody binding

sites. Fluorescence of bound molecules at the interface is excited by light
coupled into the waveguide via the evanescent field present at the
waveguide/solution interface (2,3,11). A major portion of the emitted
fluorescence couples efficiently into the same waveguids via optical tunneling
(also called near field coupling or optical reciprocity) (not shown in Figure
1) and is readily separated from the exciting wavelength, detected, and
quantitated (2,3,11,12).

One can readily measure bound antigen concentration by such methods and
several groups are developing this approach for commercial application
(13,14,15). Generally, such devices are not sensors, however, for two
important reasons:

1. The technique requires a fluorescent-labelled reagent.

2. The Ag-Ab binding constant is so strong that the binding is
essentially irreversible (16,17), thus the device is a dosimeter
rather than a true sensor (16,17).

POLYMER CHEMISTRY

Polymer surface chemistry must be used in order to develop truly remote,
continuous immunosensors. There are five important polymer surface chemistry
problems:

1. Fluorescent Reagent Delivery--to permit multiple or even continuous
use without the need to add reagents.

2. Modulation of Ag-Ab Binding Constants--to permit short response times
and true sensor function (17).

3. Antibody Orientation and Immobilization--to optimize sensitivity

(18).

Non-specific Binding--to minimize background (19).

Bio- or Blood Compatibility--to permit in situ or in vivo

applications (19).

55 [ =

Each of these areas will be briefly discussed.

1. Fluorescent Reagent Delivery to the sensing site is being
accompiished by the immobilization of fluorescent reagent to a
polymeric matrix via photo labile bonds. A pulse of light breaks a
number of bonds, thereby releasing a controlled number of fluorescent
reagent molecules, whicn then diffuse to the sensing region.

2. Modulation of Ag-Ab Binding Constants (17) is being accomplished via
a four component copolymer containing photosensitive azobenzene
pendant groups. The light-induced conformational change of the
azobenzene (27) results in expansion of the polymer molecule and
perturbation of the solution environment near the antibody active
sites.

3. Antibody Orientation and Immobilization (18) is being accomplished by
relatively standard means by optimizing tether type, length, and
coupling chemistry. '




4. Non-specific Binding can be due to at least five causes (Figure 2):

a. Physical adsorption to areas of the substrate which are not
covered by immobilized IgG or Fab.

b.  Non-specific interactions with the chain, tether, or chemistry
by which the Ab is immobilized.

c. Non-specific or weakly specific interaction with the parts of
the Ab molecule not involved with the Ag binding site. Such
interactions, although occurring for soluble Ab in bulk
solution, may be enhanced by the local microenvironment,
resulting from immobilization.

d. “Non specific" interactions with the Ag binding site due to
strains, distortions, or microenvironmental effects, resulting
from the interfacial immobilization process.

e. True cross-reactivity or lack of specificity of the intact,
native Ag binding site. These effects would also exist in bulk
solution and will not be further discussed.

I & . a.

T e e e

FIGURE 2: Various causes of non-specific binding (see text for
details).

Most of these effects can be (and are being) minimized by using the
principle of steric exclusion or steric repulsion commonly used for
stabilization of colloids (20). We use immobilized polyethylene
oxide (PEQ) chains to produce protein-resistant surfaces (21). This
approach has been discussed and employed by Nagaoka, et al. (23),
Merrill, et al. (24), and by our group (21). PEQ derivatization of
enzymes and antibodies is becoming widely recognized as a means to
prevent recognition and interaction of such molecules in biological
fluids and environments (25). One can co-immobilize PEQ with Ab at
the surface, thereby minimizing process #1 in Figure 2. The use of a




PEO tether largely minimizes process #2 in Figure 2. A Tong
hydrophilic tether permits the IgG or Fab to be more flexible and
further from the rigid interface, thereby minimizing local
microenvironment effects which contribute to process #3 and also
minimizes Ig5 or Fab distortions or strains (process #4).

5. Bio- or Blood Compatibility - Fortunately, the PEO treatments just
discussed appear to enhance general blood compatibility (24), perhaps due
to the general protein repulsion (steric exclusion) mechanism. The
anticoagulant heparin (which functions via specific antithrombin 3
binding) can be coimmobilized or, preferably, released locally by standard
polymeric drug delivery means (26).

CONCLUSTONS

Clearly the development of truly remote, continuous, high sensitivity,
and specific immunosensors, capable of functioning reliably in blood or in
other biological environments, is still in its early stages. There are a
number of important technologies which must be developed. As the work
progresses, one can envision the development and eventual production of
multichannel biosensors based on microintegrated devices incorporating
biochemical, optical, and even electronic functions.
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Characterization of Immobilized Antibodies on Silica
Surfaces

JINN-NAN LIN, JIM HERRON, JOSEPH D. ANDRADE, MEMBER, IEEE, AND MARIUS BRIZGYS

Abstract—There is considerable interest in the immobilization of an-
tibodies on silica surface for fiber optic biosensor applications. The
physical and chemical properties of antibodies immobilized on silica
surfaces were investigated in this study. Two antibody (Ab)-antigen
(Ag) model systems, goat anti-human IgG Ab (polyclonal Ab)/human
IgG (multivalent Ag) and mouse anti-digoxin IgG (monoclonal Ab)/
digoxin (monovalent Ag), were used. Both physical and covalent im-
mobilization of antibody on silica surfaces were investigated. The co-
valently immobilized antibody shows better stability and Ag binding
capacity. In the case of large Ag molecules, such as human IgG, the
maximum antigen binding capacity is probably restricted by steric fac-
tors. The results of an antibody specificity study reveal that the posi-
tively charged surface shows high nonspecific binding. The binding
constants of anti-digoxin IgG and digoxin are similar in solution and
on different surfaces, suggesting that the original conformation of Ag
binding sites is preserved. However, the binding constants of goat anti-
human IgG and human IgG on surfaces are one order higher than that
in solution. This suggests that the enhancement in binding constant is
a function of both local Ab concentration and size of Ag molecules.

INTRODUCTION

MMOBILIZATION of biomolecules to solid phase ma-

terials has been widely used for various purposes in-
cluding purification, analytical assay, synthesis, and
sensing. The insoluble supporting materials used cur-
rently can be classified as biopolymers, synthetic poly-
mers, and inorganic supports. The hydrophilic biopoly-
mers, such as agarose, dextran, and cellulose, are the most
common materials. Enormous amounts of work have been
reported on uses of this type of materials. The synthetic
polymers, such as polyacrylamide, polyhydroxyalkylme-
thacrylate, and polystyrene, have been explored as poten-
tial supporting materials. Inorganic materials, like silica,
are probably the least popular among all supporting ma-
terials. The reasons are nonspecific adsorption of proteins
on untreated glass surfaces and chemical instability of the
silica surface in high pH. However, as pointed out by
Weetall, it is possible to use porous glass as a substrate
for immobilization of biomolecules if proper surface
treatments are conducted [1]. 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
the same popularity and versatility as agarose 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 considerable interest in the use of optical
fibers for remote spectroscopic sensing of biological mol-
ecules [5]-[7]. The potential application of these biosen-
sors is very broad, including patient bedside monitoring
during intensive care, the diagnosis of human 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 at
a solid-liquid interface by total internal reflection can be
used to excite fluorescence of molecules present at the
interface [8]. Antibody molecules immobilized at the sur-
face of a silica optical element bind their complementary
antigen from solution, permitting analysis of antigen con-
centration in the bulk solution [9]. This method can also
be applied to a cladding-free fiber optic sensor [10].

The main objective of this 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-multivalent 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
effect of immobilization time on antibody activity on dif-
ferent surfaces were studied.

MATERIALS AND METHODS
A. Cleaning of Silica Samples

All silica samples were cut from 1in X 1in 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 fit into a 13 X 75 mm
culture tube (Fisher) in which all surface reactions took
place at room temperature. A beaker containing tubes with
silica samples inside was first immersed in hot chromic

0018-9294/88/0600-0466501.00 © 1988 IEEE
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acid at 80° C for 30 min and then thoroughly rinsed in
purified deionized water filtered through a Milli-Q® ul-
trafiltration system (Millipore), without touching any-
thing inside the container. The glassware and samples
were dried in a dessicator at 120° C for more than 2 h.
After drying, one of the newly cleaned samples was
checked by the Wilhelmy plate water contact angle tech-
nique to ensure the cleanliness of the surfaces [11].

B. Silanization of Cleaned Silica Samples

Two silane reagents were used in this study: 3-amino-
propyltriethoxy silane (APS, Aldrich) and dimethyldi-
chloro silane (DDS, Petrarch). The silica chips were re-
acted with a fresh ethanol solution of APS (5 percent APS,
5 percent deionized water, and 90 percent absolute ethanol
v/v) or toluene solution of DDS (10 percent v /v DDS
and 90 percent v /v toluene) for 30 min at room temper-
ature, followed by rinsing with deionized water ten times
and absolute ethanol two times for APS surface or rinsing
with absolute ethanol three times, deionized water five
times, and ethanol again two times for DDS surfaces. The
chips were then cured in the vacuum oven (which has been
flushed with nitrogen three times) at 80°C for overnight
(about 15 h).

C. Antibody (Ab) and Antigen (Ag) Systems

The goat anti-human 1gG (anti-H 1gG) fraction and hu-
man IgG (H-IgG) fraction were purchased from Cappel
Laboratories and monoclonal mouse anti-digoxin lgG and
unlabeled and *H labeled digoxin were gifts from Dr. S.
Pincus, Department of Pediatrics, University of Utah, Salt
Lake City, UT [21].

D. Radiolabeling of Immunoglobulins

Goat anti-H IgG or H-IgG was labeled with carrier-free
1-125 (100 mCi/ml, Amersham ) by a modification of the
chloramine-T method as described by Chuang er al. [12].
Centrifugation of 4 cm high Sephadex G-25 coarse grade
resin (Pharmacia) minicolumns having 0.3 ml of iodi-
nated protein solution has provided a rapid and simple
means to separate the unbound iodide [13]. The final con-
centration of '**I-protein was measured in a UV-Visible
spectrophotometer (Beckman, Model 35) at 280 nm. The
constants of 1.35 ml - em ' - mg~' and 150 000 dalton
were used for the absorption extinction coefficient and the
molecular weight of IgG, respectively. Labeling effi-
ciency was determined by precipitating IgG molecules
with 20 percent trichloroacetic acid (TCA, Sigma) in the
presence of bovine serum albumin (Miles). Both super-
nate and precipitate were counted in a gamma well counter
(Beckman),

E. Immobilization of Antibody

Two types of Ab immobilization were performed: 1)
physical adsorption of Ab (0.6 mg/ml in 0.15 M phos-
phate buffered saline, PBS, pH 7.4) onto either DDS or
APS treated silica surfaces for various length of time fol-
lowed by rinsing with PBS, 2) covalent immobilization;
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the APS samples were reacted with 2.5 percent of glutar-
aldehyde (Glu, E.M. grade, Polysciences) in PBS for 13
h followed by rinsing with PBS buffer [14]. The Glu sur-
faces were then reacted with Ab solution (0.6 mg/ml) in
pH 9.2 0.1 M carbonate bufter for various lengths of time.
The Ab coupled samples were washed with PBS buffer
and the remaining aldehyde groups on the surfaces were
deactivated with 0.2 M ethanolamine (Aldrich) for 1 h.

The Ab immobilization **isotherm’’ for the DDS or Glu
surfaces were obtained by varying the length of incuba-
tion time in a known ratio of cold and '“I-anti-H IgG
solution, and, as a result, the saturation surface concen-
tration of Ab was obtained. The stability of immobilized
Ab was studied by soaking the Ab-coated samples in PBS
buffer and counting the samples as a function of desorp-
tion time.

F. Binding Studies of Immobilized Ab’s

Several types of RIA were carried out using radiola-
beled Ag. First, we determined inhibition of binding of
'I.H-1gG to Ab-coated surface by adding different
amounts of cold H-IgG. This was done to determine if the
properties of the Ig(G molecules remain unchanged after
iodination.

Second, the specificity of goat anti-H IgG-coated sur-
faces (prepared by the three different methods described
above) was investigated using a fixed concentration of '*°I-
H-IgG together with various amounts of cold rabbit
IgG (R-IgG) fraction (Cappel). From this experiment, one
could see how R-IgG interferes with the interactions of
anti-H IgG and H-IgG.

Third, the relative affinity Kr of anti-H IgG and H-1gG
in solution was determined according to Minden er al.
[15]. The second Ab rabbit anti-goat IgG (anti-G IgG,
Cappel) was used to precipitate the anti-H IgG and H-
IgG complexes. Various amounts of '“’I-H-IgG were
added to anti-H IgG solution followed by shaking the so-
lutions at room temperature for 1 h. Then a minimum
amount of anti-G IgG required for precipitation, which
was determined separately, was added to all tubes and
stored at 4°C overnight. The binding isotherm was ob-
tained by counting the precipitates which had been washed
three times. All microfuge tubes were precoated with hu-
man serum albumin (Miles) before use,

Fourth, binding isotherms of the Ag to the immobilized
Ab were obtained by adding various amounts of the ra-
diolabeled Ags. Goat anti-H IgG /H-IgG and mouse anti-
digoxin-IgG /digoxin on two surfaces, the DDS and Glu,
were investigated. Thus, a total of four binding isotherms
were obtained.

Fifth, the effect of different Ab immobilization times
on the activity of Ab was examined by using anti-digoxin
IgG and *H-digoxin. Since digoxin is a monovalent hap-
ten, it is reasonable to assume that the numbers of bound
digoxin molecules can be used as the numbers of Ag-
binding sites that still remain active after immobilization.
The *H-digoxin on the silica samples was counted in a
liquid scintillation counter (Beckman LS 7500). The ex-
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perimental procedures were the same for all: the Ab-cou-
pled samples were incubated for 1 h in Ag solutions con-
sisting of 0.5 percent Tween-20 pH 7.4 PBS buffer.

RESULTS AND DISCUSSION

1) Properties of lodinated Protein Molecules: Since
chloramine-T is a strong oxidizing agent it can alter a pro-
tein structure by reacting with amino acid side chains. In
order to prove the integrity of the iodinated IgG mole-
cules, an experiment was done by adding various amounts
of unlabeled H-IgG to inhibit the binding of '“I-H-IgG
with anti-H IgG. The results showed that unlabeled and
labeled H-IgG's behave identically.

2) Specificity of Antibody Immobilized on Different
Surfaces: The three surfaces used to immobilize the Ab
were the DDS, APS, and Glu surfaces. The DDS surface
is very hydrophobic. The APS surface is more hydro-
philic and is positively charged in a pH 7 environment.
Since there are no functional groups available on these
two surfaces to directly immobilize Ab covalently under
the experimental conditions, Ab binding is via physical
adsorption. Hydrophobic interactions are primarily in-
volved in the case of the DDS surfaces and electrostatic
and/or hydrophobic interactions for the APS surface. The
Glu surface permits direct covalent immobilization. The
reaction mechanism has been suggested by many groups
[14], [16]. '

Competitive inhibition experiments were conducted to
test the specificity of immobilized Ab. The inhibition of
binding of '*I-H-IgG to immobilized anti-H IgG by R-
IgG on the three surfaces is shown in Fig. 1. The two
smooth lines are the theoretical curves. The upper curve
indicates no inhibition and the lower curve indicates that
the inhibitor has an equal ability to the Ag to react with
binding sites. No inhibition was observed for Ab immo-
bilized on the DDS and Glu surfaces within the range of
R-IgG concentrations tested; however, the inhibition
curve for the case of Ab on the APS surface shows sig-
nificant nonspecific binding.

Although the exact mechanism of reduction in immu-
noactivity of Ab on the APS surface is not understood,
the protein molecules may have undergone some kind of
conformational change or denaturation resulting in the
nonspecific binding. Chuang et al. [17] observed that
when prothrombin was adsorbed to artificial surfaces such
as polyvinyl chloride (PVC), the cross reactivity of sur-
face-bound prothrombin with Ab IgG to thrombin was
shown to be significantly increased. He also suggested that
the increase in cross reaction was due to a conformational
change in the adsorbed prothrombin molecules. The DDS
and Glu surfaces were used for the remaining experiments
because they showed specific binding.

3) Surface Concentration and Stability of Immobilized
Anti-H IgG: The anti-H IgG coupling on the DDS and
Glu surfaces are shown in Fig. 2. Physical adsorption of
Ab on the DDS took a shorter time to reach 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-
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Fig. 1. Binding of labeled human-1gG to goat anti-human-IgG Ab immo-
bilized on the DDS, APS, and glutaraldehyde-activated surfaces in the
presence of various amounts of unlabeled rabbit-IgG. Two theoretical
lines: upper limit (no inhibition) and lower limit (the rabbit-IgG and hu-
man-IgG having equal ability for binding of Ag-binding sites).
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Fig. 2. The kinetics of coupling of goat anti-human-IgG Ab to the DDS
and glutaraldehyde-activated surfaces.

trations are about 8 X 10~'* mole/cm?® and 12 x 10~ '2
rnole/cm2 for the Glu and DDS surfaces, respectively.
Fig. 3 shows the stability of bound anti-H IgG on the two
surfaces stored in PBS buffer. About 18 percent of the Ab
desorbed from the DDS surface into PBS buffer within the
first 10 h. However, at the end of the 120 h the loss only
increased by another 2 percent or so. This suggests that
most of the Ab is irreversibly adsorbed. The Ab immo-
bilized on the Glu surface was stable up to five days in-
cubation in PBS buffer. This result suggests that not only
stable bonding was formed between the Ab molecules and
Glu layer, but also that the stability of the APS layer was
increased by the presence of the Glu layer because the
APS surface itself is susceptible to hydrolysis and thus
should not be stable for long periods [18]. This result is
consistent with Monsan’s finding [14] that the attainment
of stable products after Glu reaction may involve poly-
meric forms resulting from aldol condensation of glutar-
aldehyde molecules to form a Glu polymer.

4) Ag Binding Capacity: The maximum °H-digoxin
binding capacity as a function of immobilization time of
anti-digoxin IgG on the DDS and Glu surfaces is plotted
in Fig. 4. Anti-H IgG was frequently used in place of the
less available anti-digoxin IgG. It is reasonable to assume
that their surface coupling properties are very similar. The
anti-digoxin IgG on the Glu surface reaches maximum ac-
tivity at about 7 h, which is approximately the time re-
quired by the anti-H IgG to saturate the surface (see Fig.
2). After about 7 h, the activity of immobilized anti-di-
goxin IgG started decreasing. This might be due to the
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Fig. 3. Stability of immobilized goat anti-human-IgG Ab on the DDS and
glutaraldehyde-activated surfaces stored in phosphate buffered saline pH
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Fig. 4. Activity of immobilized mouse anti-digoxin IgG as function of im-
mobilization time. The digoxin was used as an indication of Ab activity.

fact that more bonds are formed between the Glu layer
and IgG molecules. Consequently, the molecule becomes
more rigid and results in blockage of the binding site to
the Ag molecules. However, the decrease is small com-
pared with the total bound digoxin. The maximum per-
centage of immobilized anti-dig IgG which remained ac-
tive can be calculated by taking the highest value of bound
digoxin, which is about 24 x 10~ " mole/cm?, divided
by two times the value of maximum surface concentration
of anti-H IgG from Fig. 2, which is about 8 x 107"
mole/cm’. About 15 percent of immobilized Ab remains
active.

The lower curve in Fig. 4 shows the activity of the anti-
digoxin IgG on the DDS surface. The bound digoxin in-
creases linearly with increasing Ab adsorption time; from
Fig. 2 the Ab saturated the surface at about 2.5 h. This
indicates that Ab binding sites continuously increase at a
constant amount of adsorbed Ab. The increase is almost
doubled at 15 h compared with 2 h. This result is not too
surprising because there is much evidence that protein ad-
sorption is a dynamic process [19]. Tt is believed that the
protein molecules continuously reorient themselves and
finally reach equilibrium on the surface. The digoxin
binding capacity of Ab on the DDS is about 6-4 times
lower than on the Glu surface from 1 to 15 h.

The '®I-H-IgG binding isotherms on the anti-H IgG-
coated DDS and Glu surfaces with different Ab immobi-
lization times are plotted in Fig. 5. The maximum binding
of '2I-H-IgG at plateau region shown in the figure is about
1.5 x 10" mole/cm? and 3 x 10~ mole/cm” for the
DDS and Glu surfaces, respectively. Both numbers are
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much less than the numbers for the binding of digoxin.
The maximum coupling of anti-H IgG for the DDS and
Glu surfaces in Fig. 2 are 12 X 107" and 8 X it
Therefore, less than 4 percent immobilized anti-H I1gG’s
remains active. This is because the goat anti-H 1gG used
was only an IgG fraction and thus the content of specific
Ab is low. Another interesting feature shown in Fig. 5 is
that the '®I-H-IgG binding capacity shows no depen-
dency on different Ab immobilization times because the
two curves plateau at the same region for each surface.
The possible explanation might be due to steric hindrance
factors of the large H-IgG molecule. In another words,
the binding sites that become active with increasing ad-
sorption time are only accessible to small hapten mole-
cules such as digoxin.

5) Equilibrium Constants of Immobilized Antibodies
and Antigens: Most discussion of Ab-Ag interactions as-
sume that both of them are in soluble form. They are free
to move in the solution and association and/or dissocia-
tion of Ag molecules from Ab molecules occurs rapidly
to finally reach equilibrium. The main objective of this
study was to investigate the properties of immobilized
Ab’s. Two questions can be asked. First, will the binding
constant K change because the conformation of the im-
mobilized Ag-binding site is different from that in solu-
tion? Second. will the K increase because the Ab mole-
cules are not free to move, resulting in an increased local
Ab concentration?

In order to answer these two questions, the K of two
Ab-Ag systems used were determined. The intrinsic as-
sociation constant Ka for mouse anti-digoxin IgG and di-
goxin was obtained by using Sip’s equation [20]. The
highest value of bound digoxin was taken as the concen-
tration of active binding sites on the surfaces from which
r (moles Ag bound per mole of Ab) was then computed.
The Ka values listed in Table I are close to the value in
solution, 3.54 x 10* M ' [21]. Two to three times dif-
ference was felt small enough to be attributed to experi-
mental differences. The index of heterogeneity a calcu-
Jated from Sip’s plot and the ratio of bound digoxin to
active binding sites on the surfaces are all equal to 1 as
expected. Since the Ka directly reflects the free energy of
Ab-Ag interaction, this result might suggest that the con-
formation of Ag-binding sites is preserved, and it is the
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TABLE I
THE EFFECT OF DIFFERENT IMMOBILIZATION METHODS AND SURFACES ON
THE ASSOCIATION CONSTANT, K

Ab-Ag system anti-dig 1gG/dig. anti-H |gG/H-1gG
Surface Glu DDS Glu DDS
kv Yy 19X10 | 58x10 | 61 x16 | 67 x 10
a 1 ] 0.80 0.89
Bound Ag/(Ab)sild 1 1 0.96 0.99

same on the two different surfaces and in solution. This
also suggests that immobilized Ab has no effect either on
local concentration or on the positive or negative cooper-
ative binding when monovalent Ag is used. Liu er al. [22]
made similar observations. He showed that there was no
difference in affinity constant between monovalent Ab
(Fab) or intact bivalent Ab on surfaces of polyacrylamide
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 H-IgG is complicated by the polyvalence
of the Ag and the heterogeneity of Ab affinities. Problems
caused by the former can be overcome by using proper
Ag concentration to prevent the Ag being bound by more
than one Ab. Problems caused by the latter, which would
have nonlinear binding characteristics, can be surmounted
by using the method developed by Steward and Petty to
analyze the data [23]. In this method, total Ab active sites
were determined graphically from the reciprocal Lang-
muir equation by extrapolating the plot of 1/[b] versus
1/[Ag]. Kr listed in Table I for the two surfaces are very
close, again suggesting that the conformation of binding
sites is the same on the two surfaces. It has been shown
that polyclonal Ab exhibits a distribution of binding con-
stants [24]. If certain clones couple preferentially, the ex-
perimentally derived Kr will vary for different surfaces.
Our data indicated that Kr is essentially unchanged for
two surfaces, implying that the coupling of Ab’s to these
surfaces is a random process. However, Kr in solution is
2 X 10’ M~! and is one order lower than that on surfaces
(Table 1). Since the 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 that the probability of a H-IgG 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 IgG and
digoxin system. In other words, the magnitude of binding
enhancement depends on both local Ab concentration and
size of Ag molecules. Lui et al. also noticed that the im-
mobilized Ab against multivalent Ag showed binding en-
hancement [22]. The index of heterogeneity deviates from
one as expected.

CONCLUSION "

The observations 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 surface (no specificity).

3) the Ka of anti-digoxin IgG and digoxin are similar
in solution and on different surfaces, suggesting that the
original conformation of Ag-binding sites is also pre-
served. .

~4) the Kr are similar on the two surfaces, suggesting
that the coupling of Ab is a random process.

5) Binding enhancement was not observed in anti-dig
IgG and digoxin, whereas it is found in anti-H IgG and
H-1gG, suggesting that the enhancement was the conse-
quence of both high local Ab concentration and size of
Ag molecules.
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There has been considerable interest in the
use of optical fibers for remote spectroscopic
sensing of biomolecules. The basic idea, in
shart, {5 Lo immobillze a receptor (e.q.
antibody) on the surface of an optical element
to specifically detect the ligand (e.q. antigen)
in solution. Various sensing techniques have
been developed by many groups. We are
developing an immunosensor using an evanescent
wave to excite fluorescence of molecules present
at the interface. Fiber optic immunosensors
sheuld be fast, sensitive, specific, remote, and
semicontinuous. The sensor must be designed to
b2 reusable. In order to maximize sensitivity,
it is desirable for the Ab-Ag constant to be as
high as possible, meaning the off-rate is very
slow--hence slow response times. Thus, in this
study, we are looking for a means to "zero" the
sensor between each measurement without
sacrificing the sensitivity.

A panel of anti-fluorescyl monoclonal Abs
and fluorescein Ag were used as a model
system. Dianionic fluorescein is strongly
fluorescent, but the fluorescence of Ab-bound
fluorescein is quenched. Therefore, by
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Figqure 11 Effect of 2-methyl=2,4-Pentanedicl on
the Affinity (Ka) of 4-4-30.

measuring the fluorescence intensity and
polarization, the binding constant can be
obtained. The thermodynamic properties of Ab-Ag
binding in solutions were investigated. The
solutions we have used include pH B, potassium
phosphate buffer (PPB), 2-methyl-2,4-pentanediol
{vPD) in PPB, and N-(2-hydroxypropyl)
methacrylamide (HPMA) in PPB. The results
showed that the affinity of the anti-fluorescyl
monoclonal antibodies is strongly dependent on
the concentration of the solute (Fig. 1). It is
believed that the decreased affinities are due
to the decrease in conformational entropy of Ab
because negative changes were observed in
both aS° and ACp°®. The temperature perturbation
experiments also showed that AGu increased and
the denaturation temperature decreased with
increasing MPD concentrations (Fig. 2). By
understanding the association and dissociation
mechanism of Ab-Ag interaction in solutions, we
proposed a method based on the photo-iso-
merization of copolymers which change the
nicroenvironment of the Ab binding sites, and in
turn affects the affinity.

The proposed copolymer has the general
structure shown in Fig. 3. The A units provide
a hydrophilic, inert polymeric carrier and also

can lower the affinity of Ab via thelir solute
effect. The B units provide the photo-
isomerizable azo groups. The C units provide
the acid poly:lectrolyte character needed for
coil expansion and contraction. The D units
provide a reactive group which can be used to
bind the copolymers to Abs. We started with a
copolymer containing B and C units to see the
effects of azobenzene on carboxyl groups before
and after irradiation by the light. A change in
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Figure 3y (eooral structure of the proposed copolymer,

pH was observed. Two different methods for
introducing the azobenzene side chain were
compared. The kinetics of photo-isomerization
were also studied. A series of compositions of
azobenzene-containing copolymers were
synthesized. The conformational changes of
copolymers caused by photo-isomerization were
investigated by measuring the viscosity and
hydrodynamic diameter (light scattering) as a
function of pH, temperature, and ionic strength.
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Direct Observation of Immunoglobulin Adsorption
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Atomic force microscopic images of a murine antifluorescyl monoclonal antibody (IgG 4-4-20) depos-
iting from solution onto freshly cleaved mica were observed in real-time. These images clearly indicate
a cooperative adsorption process, not a random one. Only IgG aggregates formed stable deposits, whereas
isolated molecules desorbed readily from the surface. Subsequent adsorption occurred adjacent to the
aggregates, forming ridges, and eventually a near monolayer was produced. Additional layers deposit
only after the initial monolayer adsorption was nearly complete. Desorption of the IgG molecules in a

distilled water medium was not observed.

Introduction

Some of the more common methods? of studying pro-
teins at interfaces are radiolabeling; ellipsometry; total
internal reflectance fluorescence (TIRF); infrared (IR),
Raman, and X-ray photoelectron (XPS) spectroscopies;
and scanning electron microscopy (SEM). While each
of these techniques is capable of providing critical infor-
mation regarding the adsorbed species, this information
is actually a measure of the average properties of all the
adsorbed proteins in a micron-sized (or greater) area. No
technique is available with which to characterize individ-
ual adsorbed proteins. In addition, SEM and XPS are
normally used in a vacuum environment, which is radi-
cally different from an aqueous one in which protein
adsorption is occurring. So, the information may not be
representative of the actual events. The atomic force
microscope (AFM), however, can be operated in an aque-
ous environment and is capable of providing real-time
images of protein adsorption with a resolution sufficient
to see individual molecules.

The AFM? can be used to obtain atomic-scale images
of surfaces.>7 The surface to be imaged is mounted onto
a (xyz) piezoelectric crystal and is rastered beneath a sharp
tip attached to a cantilever. The tip rides across the sur-
face, and the forces between the surface and the tip cause
deflection of the cantilever. This deflection can be mon-
itored by using a scanning tunneling tip®® or, more eas-
ily, it can be monitored by movement of a laser beam
that is reflected off the back of the cantilever.®® Since
the cantilever is sensitive to the intermolecular forces
between the tip and the surface, the sample need not be
a conductor to be imaged. Images have not only been
obtained from graphite®® and metals® but also from
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semiconductors®’ and insulating polymers.’>12 Mag-
netic fields'? and charged regions in materials'® have been
imaged as well. More detailed reviews of the AFM the-
ory are presented by Marti et al. and Hansma et ], 1516

The AFM has already been used to image surfaces in
an aqueous environment.'” Underwater images of crys-
talline mica and polyalanine on mica have been obtained.
One advantage of using water as a scanning medium is
the minimization of general adhesion forces that result
between the tip and the surface.!® Such forces domi-
nate the interaction between the tip and the sample and
prohibit the possibility of obtaining high-resolution images.
In addition, the process of scanning surfaces in aqueous
environments enables one to realistically image biologi-
cal systems. The AFM can obtain new images within a
few seconds and can therefore monitor biological pro-
cesses in real time. Recently, Hansma et al.l” were able
to follow the formation of a polymerized fibrin network
on a mica surface by adding thrombin to a solution of
fibrinogen. These images showed fibrin oligomers aggre-
gating to form a single polymer strand. Formation of
additional strands occurred adjacent to the first.

This paper discusses the images obtained from the
adsorption of a murine antifluorescyl monoclonal immu-
noglobulin G (4-4-20 IgG,, («))* from solution onto clean
mica surfaces. This protein was chosen because it is eas-
ily crystallized and has self-aggregating properties. We
hoped that some unique ordering upon adsorption to the
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Figure 1. (A) Feedback image of 18 pg/mL IgG 4-4-20 in PBS on clean mica after 5 min. Note the formation of aggregate “ridg-
es”. The scan area is 4500 A X 4500 A, (B) Variable-force-mode 'Lmai of 18 ug/mL IgG 4-4-20 in PBS on clean mica after 5.5 min.

The ridges are now resolved better. The scan area is 4500 A x 4500

(C-E) Variable-force mode images of 18 pg/mL IgG 4-4-20

in PBS on clean mica. Times of adsorption are 15, 17.5, and 20 min. Growth of the monolayer centers about the ridges and pro-
ceeds until a near monolayer is formed. The scan areas are 4500 A X 4500 A. (F) Variable-force-mode image of 18 ug/mL IgG 4-
4-20 in PBS on clean mica. Adsorption time is 37 min. After a near complete monolayer is formed, a second layer begins to deposit.

The scan area is 4500 A % 4500 A.

mica surface might occur, and, if so, this ordering could
be imaged with the AFM. We felt that desorption might
be observed as well.

Methods

The AFM experimental apparatus has already been described
elsewhere.’® Movement of the microfabricated cantilever® is
detected by the positioning of a laser light beam that has reflected
off the back of the cantilever and is detected by a pair of pho-
todiodes. The AFM images are continuously recorded on video
tape for later review. A flow cell has been setup across the sur-
face of the mica and allows rapid exchange of the fluid.

Mica (Asheville-Schoonmaker) was affixed to the piezoelec-
tric crystal stage and cleaved in situ. The flow cell was con-
structed around the stage, and distilled water was injected onto
the mica surface. The microcantilever was advanced until the
force between the tip and the surface approximated 107° N.
The mica was then imaged continuously in the feedback mode
with a scan area of 1800 A X 1800 A and a constant scan speed
of 16 ms/line.

The AFM tip was retracted from the mica surface, and a
solution of 18 ug/mL IgG 4-4-20 (a gift from J. N. Herron) in
phosphate-buffered saline (pH 7.4) was injected into the flow
cell. The tip was advanced to the mica surface, which was then
imaged continuously in the feedback mode over a scan area of
* 1800 A x 1800 A. After 4 min, the scan area was increased to
4500 A % 4500 A (full scale). After another 1.5 min, the AFM
was switched to variable-force mode for the remainder of the

(20) Albrecht, T. R.; Quate, C. F. J. Vac. Sci. Technol. 1988, A6, 271—
4,

imaging.?? The adsorption process was imaged continuously
for 40 min. During this time, the scan area was decreased to
1800 A x 1800 A and to 900 A X 900 A and then returned to
full scale.

Immediately after the 40-min IgG adsorption, the tip was
retracted and the flow cell was flushed with distilled water. The
surface was scanned for 10 min at full scale, at 1800 A X 1800
A and then at 900 A x 900 A.

Results

The image obtained of the mica surface underwater is
flat and featureless indicating a pristine surface.

Within the first 2 min after injection of the IgG into
the flow cell, a continuously growing aggregate was
observed in the lower right-hand corner of the screen.
This image was obtained in feedback mode and had dimen-
sions of 1800 A X 1800 A. This aggregate appeared on
top of the featureless mica background. After 5 min, the
scan area was increased to 4500 A X 4500 A, and “ridg-
es” appeared (A). The AFM was then switched to vari-
able-force mode (B), and the same image appeared (dif-
ferent contrast), indicating that either mode could be used.
As time progressed, it was clear how the adsorption was

(21) Variable-force mode for an AFM is analogous fo constant-
height mode for an STM. Hansma, P. K.; Tersoff, J. J. Appl. Phys.
1989, 61, R1-R23.

(22) Hlady, V.; Van Wagenen, R. A.; Andrade, J. D. In Surface and
Interfacial Aspects of Biomedical Polymers; Andrade, J. D., Ed.; Ple-
num Press: New York, 1985; Vol. 2, pp 81-119.
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taking place. Molecules that landed adjacent to these
ridges would adhere, resulting in two-dimensional growth
in the plane of the surface (C). Yet 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 roughly matched the
known size of an IgG molecule. The deposited IgG
appeared as mounds, and subsequent frames showed
smearing of these images.

The ridges continued to spread (D, E) along the sur-
face until a monolayer covered the surface of the mica.
Although it is difficult to obtain accurate height dimen-
sion in variable-force mode, the monolayer thickness was
approximated at 50 A, which is consistent with the dimen-
sions of an IgG molecule. Near the end of the mono-
layer formation, a second layer started to appear. This
second layer arose from many different sites on the first
layer since protein interactions could occur from any-
where on the surface (F). Upon growth of the second
layer, most IgG molecules that deposited would adhere,
but then smear, suggestive of a rapid conformational
change.

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

Discussion

The observations of deposited IgG on the surface appear-
ing only as aggregates and of individual mounds rapidly
desorbing from the surface are suggestive of lateral inter-
actions occurring between the adjacent IgG molecules,
which appear to be important for formation of a stable
protein layer. These lateral interactions are not unex-
pected, since this protein has some self-aggregating prop-
erties. What is interesting is the necessity of lateral inter-
actions for adherence to the surface. Perhaps, an IgG
molecule by itself can only get a toehold on the surface
at first and can be desorbed easily. Once it has multiple
holds with the surface and neighboring molecules, the
probability of desorption decreases significantly.! This
would explain the phenomena we observed here. This
argument is also supported by the observation of a sec-
ond IgG layer arising from many different areas on the
monolayer surface. Here, the deposited IgG can arise
from any number of places, since interactions can occur
from anywhere on the monolayer surface. Prior to this
experiment, a protein adsorption isotherm on mica was
obtained by using ***I-labeled IgG. The isotherm showed
Langmuir-like behavior, and at a concentration of 18 ug/
mlL, the mica surface was only 40% covered (less than a
monolayer).

After the water flush, IgG desorption was not observed.
Perhaps, desorption was slower than the observation time
(minutes) due to the strength of interaction between the
adjacent IgG molecules. Previous data have shown? that
IgG does desorb from a silica surface, but that study was
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performed with polyclonal IgG and may behave differ-
ently from the present system.

Certainly, these observations were not solely a conse-
quence of simple adsorption phenomena. A number of
times, protein mounds would be displaced parallel to the
rapid scanning direction only to be returned to their orig-
inal position upon subsequent images. It is clear that
the tip of the probe is “massaging” or pushing the mole-
cules on the surface. The extent to which this occurs,
however, is not known, and any conclusions can only be
made keeping this in mind. For example, maybe the for-
mation of aggregates results from the probe pushing the
molecules over to a small cluster of molecules. The probe
may not be able to displace this cluster laterally because
of the strength of interaction it has with the surface and
can only “hop” over it. In this manner, the probe may
behave as a gathering device which sweeps the mole-
cules into piles. This phenomena may explain the dis-
crepancy between the AFM images and the isotherm data.
In addition, the desorption of individual molecules from
the surface may be a result of tip interaction. Thus, the
probe may sweep these molecules off the surface as well.

We emphasize that this experiment is a preliminary
one done at one protein concentration. The effect of con-
centration on the adsorption pattern is yet unknown but
is the subject of ongoing studies. Furthermore, the issue
of protein adsorption on the probe itself was not addressed
here. This issue is important and merits further detailed
study and consideration.

Conclusion

By use of an atomic force microscope, real-time imag-
ing of IgG deposition on flat mica was accomplished. While
IgG adsorption may occur anywhere on the surface, only
those molecules with sufficient lateral interactions had
the capability to remain on the surface. Isclated mole-
cules desorb readily. A second layer could be observed
after 35 min of adsorption. It was hoped that unique
ordering of the IgG on the surface could be visible, but
this was not evident. Although, restructuring of the sur-
face had occurred in the desorption experiment, desorp-
tion was not conclusive.

While it is exciting that individual molecules could oceca-
sionally be seen, it is not clear how much the probe affects
molecular conformation. When more sensitive cantile-
vers and more sophisticated detection systems are devel-
oped, it may be possible to operate the AFM with forces
of 10 1°-107'* N and image biomolecules unperturbed by
the probe.
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Abstract

Atomic force microscopic Images of a murine
antifluorescyl monoclonal antibody (IgG 4-4-20) deposliting
from solution onto freshly cleaved mica were observed In real
time. These Images clearly Indicate a cooperative adsorption
process, not a random one. Only IgG aggregates formed stable
deposits, whereas Isolated molecules desorbed readily from
the surface. Subsequent adsorption occurred adjacent to the
aggregates, forming ridges and eventually a near monolayer
was produced. Additional layers deposit only after the Initlal
monolayer adsorption was nearly complete. Desorption of the
IgG molecules In a distilled water medium was not observed.

Introduction

Some of the more common methods? to study proteins at interfaces
are radiolabelling, ellipsometry, total internal reflectance fluorescence
(TIRF), infrared (IR), Raman, and X-ray photoelectron (XPS)
spectroscopies, and scanning electron microscopy (SEM). While each of
these techniques is capable of providing critical information regarding the
adsorbed species, this information is actually a measure of the average
properties of all the adsorbed proteins in a micron sized (or greater) area.

————

Reprinted with permission from Langmuir 6(2), 1990. Copyright
1990 American Chemical Society.
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No technique is available with which to characterize individual
adsorbed proteins. In addition, SEM and XPS are normally used in a
vacuum environment which is radically different from an aqueous one in
~hich protein adsorption is occurring. So, the information may not be
-epresentative of the actual events. The atomic force microscope (AFM),
wowever, can be operated in an aqueous environment and is capable of
oroviding real time images of protein adsorption with a resolution sufficient
0 see individual molecules.

The AFMZ can be used to obtain atomic scale images of surfaces3-7.

The surface to be imaged is mounted onto a (xyz) piezoelectric crystal and
s rastered beneath a sharp tip attached to a cantilever. The tip rides
across the surface and the forces between the surface and the tip cause
jeflection of the cantilever. This deflection can be monitored using a
scanning tunneling tip23 or more easily, it can be monitored by movement
5f a laser beam that is reflected off the back of the cantilever 8.9. Since the
santilever is sensitive to the intermolecular forces between the tip and the
surface, the sample need not be a conductor to be imaged. Images have
10t only been obtained from graphite3-5 and metals®, but also from
semiconductors4.7 and insulating polymers10-12, Magnetic fields13 and
sharged regions in materials'4 have been imaged as well. More detailed
eviews of the AFM theory are presented by Marti et al. and Hansma et
115,16

The AFM has already been used to image surfaces in an aqueous
nvironment!7. Underwater images of crystalline mica and polyalanine on
lica have been obtained. One advantage of using water as a scanning
1edium is the minimization of general adhesion forces that result between
1e tip and the surface®. Such forces dominate the interaction between
1e tip and the sample and prohibits the possibility of obtaining high-
asolution images. In addition, scanning surfaces in aqueous
nvironments enables one to realistically image biological systems. The
FM can obtain new images within a few seconds and can therefore
ionitor biological processes in real time. Recently, Hansma et al.17 were
ole to follow the formation of a pelymerized fibrin network on a mica
Jrface by adding thrombin to a solution of fibrinagen. These images
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showed fibrin oligomers aggregating to form a single polymer strand.
Formation of additional strands occurred adjacent 1o first.

This paper discusses the images obtained from the adsorption of a
murine anti-fluorescy! monoclonal immunoglobulin G (4-4-20 1gGz (k) )18
from solution onto clean mica surfaces. This protein was chosen because it
is easily crystallized and has self-aggregating properties. We hoped that
some unique ordering upon adsorption to the mica surface might occur
and, if so, this ordering could be imaged with the AFM. We felt that
desorption could be observed as well.

Methods

The AFM experimental apparatus has already been described and
can be found elsewhere6. Movement of the microfabricated cantilever20
is detected by the positioning of a laser light beam that has reflected off the
back of the cantilever and is detected by a pair of photodiodes. The AFM
images are continuously recorded on video tape for later review. A flow
cell has been set-up across the surface of the mica that allows rapid
exchange of the fluid.

Mica (Asheville-Schoonmaker) was affixed to the piezoelectric
crystal stage and cleaved in situ. The flow cell was constructed around the
stage and distilled water was injected onto the mica surface. The
microcantilever was advanced until the force between the tip and the
surface approximated 109 N. The mica was then imaged continuously in
the feedback mode with a scan area of 1800 A by 1800 A and a constant
scan speed of 16 msec/line.

The AFM tip was retracted from the mica surface and a solution of
18 pg/mL IgG 4-4-20 (a gift from J. N. Herron) in phosphate buffered saline
(pH 7.4) was injected into the flow cell. The tip was advanced to the mica
surface which was then imaged continuously in the feedback mode over a
scan area of 1800 A by 1800 A. After 4 minutes, the scan area was
increased to 4500 A by 4500 A (full scale). After another 1 1/2 minutes, the
AFEM was switched to variable force mode for the remainder of the
imaging?1. The adsorption process was imaged continuously for 40
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minutes. During this time, the scan area was decreased to 1800 A by 1800
A, t0 900 A by 900 A, and then returned to full scale.

Immediately after the 40 minute 1gG adsorption, the tip was
retracted and the flow cell was flushed with distilled water. The surface was
scanned for 10 minutes at full scale, at 1800 A by 1800 A, and then at 900

A by 900 A.

Results

The image obtained of the mica surface underwater is flat and
featureless indicating a pristine surface.

Within the first two minutes after injection of the IgG into the flow
cell, a continuously growing aggregate was observed in the lower right-
hand corner of the screen. This image was obtained in feedback mode and
had dimensions of 1800 A by 1800 A. This aggregate appeared on top of
the featureless mica background. After five minutes, the scan area was
increased to 4500 A by 4500 A and 'ridges’ appeared (A). The AFM was
then switched to variable force mode (B) and and the same image
appeared (different contrast) indicating that either mode could be used. As
time progressed, it was clear how the adsorption was taking place.
Molecules that landed adjacent to these ridges would adhere resulting in
two-dimensional growth in the plane of the surface (C). Yet most molecules
that landed by themselves would desorb readily as evidenced by the
disappearance of these isolated molecules. The size of these molecules
roughly matched the known size of an IgG molecule. The deposited IgG
appeared as mounds and subsequent frames showed smearing of these
images. |

The ridges continued to spread (D,E) along the surface until a
monolayer covered the surface of the mica. Although it is difficult to obtain
accurate height dimension in variable force mode, the monolayer
thickness was approximated at 50 A, which is consistent with the
dimensions of an IgG molecule. Near the end of the monolayer formation,
a second layer started to appear. This second layer arose from many
different sites on the first layer since protein interactions could occur from
anywhere on the surface (F). Upon growth of the second layer, most IgG
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Image A. Feedback image of 18 pg/mL I9G 4-4-20 in PBS on clean mica after 5 minutes.
Note the formation of aggregate ridges’. The scan area is 4500 A by 4500 A_

Image B. Variable force moge image of 18 pgimL 1gG 4-4-20 in PBS on clean mica after 5
1/2 minutes. The ridges are now resolved beller. The scan area js 4500 A by 4500 A.
Images C,D,E. Variable force mode images of 18 pg/ml IgG 4-4-20 in PBS on clean mica.
Times of adsorption are 15, 17 1/2, and 20 minutes. Growth of (he maonolayer cenlers about
the ridges and proceeds until a near monolayer is formed. The scan areas are 4500 A by
4500 A,

lmage F. Variable force mode image ol 18 pug/mlL 1gG 4-4-20 in PBS on clean mica.
Adsorption time is 37 minutes. After a near complele monolayer is formed, a second layer
begins to deposit. The scan area is 4500 A by 4500 A,

molecules that deposited would adhere, but then smear, suggestive of a
rapid conformational change.

After the water flush, the surface exhibited altered features, but there
was no evidence that IgG desorption was taking place.

Discussion

The observations of deposited IgG on the surface appearing only
as aggregates and of individual mounds rapidly desorbing from the
Surface are suggestive of lateral interactions occurring between the
adjacent IgG molecules, which appear to be important for formation of a
slable protein layer. These lateral interactions are not unexpected, since
this protein has some self-aggregating properties. What is interesting is the
necessity of lateral interactions for adherence to the surface. Perhaps, an
IgG molecule by itself can only get a toe-hold on the surface at first and can
be desorbed easily. Once it has multiple holds with the surface and
neighboring molecules, the probability of desorption decreases
significantly1. This would explain the phenomena we cbserved here. This
argument is also supported by the observation of a second lgG layer
arising from many different areas on the monolayer surface. Here, the
deposited IgG can arise from any number of places, since interactions can
oceur fram anywhere on the monolayer surface. Prior to this experiment , a
protein adsorption isotherm on mica was obtained using 125|-labelled I9G.
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The isotherm showed Langmuir-like behavior and at a concentration of 18
Hg/mL, the mica surface was only 40% covered (less than monolayer).

After the water flush, lgG desorption was not observed. Perhaps,
desorption was slower than the observation time (minutes) due to the
strength of interaction between the adjacent IgG molecules. Previogus data
has shown?2 that IgG does desorb from a silica surface, but that study was
performed using polyclonal IgG and may behave differently from the
present system.

Centainly, these observations were not solely a consequence of
simple adsorption phenomena. A number of times, protein mounds would
be displaced parallel to the rapid scanning direction only to be returned to
its original position upon subsequent images. It is clear that the tip of the
probe is 'massaging' or pushing the molecules on the surface. The extent
to which this occurs, however, is not known and any conclusions can only
be made keeping this in mind. For example, maybe the formation of
aggregates results from the probe pushing the molecules over to a small
cluster of molecules. The probe may not be able tg displace this cluster
laterally because of the strength of interaction it has with the surface and
can only ‘hop' over it. In this manner, the probe may behave as a gathering
device which sweeps the molecules into piles. This phenomena may
explain the discrepancy between the AF M images and the isotherm data.
In addition, the desorption of individual molecules from the surface may be
a result of tip interaction. Thus, the probe may sweep these molecules off
the surface as well,

The authors would like to emphasize that this experiment is a
preliminary one done at one protein concentration. The effect of
concentration on the adsorption pattern is yet unknown, but is the subject
of ongoing studies. Furthermore, the issue of protein adsarptio; on the
probe itself was not addressed here. This issue is important and merits
further detailed study and consideration.

Conclusion
Using an atomic force microscope, real time imaging of IgG
deposition on flat mica was accomplished. While IgG adsorption may occur
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anywhere on the surface, only those molecules with sufficient lateral
interactions had the capability to remain on the surface. Isolated molecules
desorb readily. A second layer could be observed after 35 minutes of
adsorption. It was hoped that unique ordering of the IgG on the surface
could be visible, but this was not evident. Although, restructuring of the
surface had occurred in the desorption experiment, desorption was not
conclusive.

While it is exciting that individual molecules could occasionally be
seen, it is not clear how much the probe affects molecular conformation.
When more sensitive cantilevers and more sophisticated detection
systems are developed, it may be possible to operate the AFM using forces
of 10-1010 10 -11 N and image biomolecules unperturbed by the probe.
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ABSTRACT

: Sl_ﬁcn is an importot chromatographic support fur high-perforunee allinity chromalography duc
1o ils high mechanical stability. However, silica is very dillerent from (rditional pel chromatographic
malerials, such as aparose, dextran, and polyacrylamide, with respeet To nuny chemieal and piws]cnl
propertics. Thus, it is expeeted that dillerenl immobilization techniques must be used [or orienting the
immobilized ligand on the surfaces of the Two substrates. D this study, a sile-specilic coupling c'hcmi::ll'.)' lor
immobilization of antibodics on mudilicd sifica surfaces and on agarose pels was investigated. The olfeels
of substrates on (he orientalions of immoebilized native and partially denatured antibodics was l|L'(|IICI'_‘(|I,
An important conclusion is that non-covalent interactions (physical adsorption) deminate the otientation
ol immobilized antibodies on silica surlfuces,

INTRODUCTION

Duc to their high specificity, anlibodics immobilized on chromatographic
supports have been widely used for purilication of molecules since the carly 1970s [1].
Numerous coupling chemistries for the immobilizalion of antibodics have been
developed and reviewed [2,3], Most coupling chemistrics rely on the random coupling
of antibodics through the amino groups of lysine residues. This often resulls in
a decrease in antigen binding capacity (AgBC) due to improper oricntation of the

21 G730 ISH S0 @5 191 Elsevicr Scienve Publishers RV,
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where [Ag] and [AL] are the surface concentrations of antigen and anlibody,

respectively, and the subscripts N and D represenl native and denatared anlibody
cuscs, respectively. Values prealer than 1 indicate that the apparent AgBC of the
immobilized antibodics is higher than that of the native antibody. For agarose gels all
values are close Lo | as expecled, because the orientation of immobilized anlibody was
controlled by chemical coupling. Thus, it has the least dependence on the conforma-
tional changes. However, on silica surlices all cases exhibit some degree ol dependence
on the adsorption properties of the antibodics. Posilive oricntational elfecls (cases b,
¢ andd ) and negative influences (casc a) arc obscrved.

In summary, we have demonstrated that exposure of antibodics Lo a low-pll
buller prior Lo immobilization resulls in an increase in ApBC ol the immobilized
antibody on silica surfaces. This can be a useful method Lo improve the column
capacity in immunoalTinily chromatography. Another very important conclusion is
that physical adsarption dominales the orienlation of immobilized antibodics onsilici
surfaces. Although chemical bonds may be uselul in providing stable linkapes between
the antibody and surface, they do nota [fecl orientation of the antibody on the surlace,
This concepl is applicable Lo all materials that have high non-specilic adsorplion siles
for proleins, including antibodics and enzymes. Therelore, when such malerials are
chosen as the solid supports for alTinity chromatography, one should not approach the
problem lotally on the basis of trial and crror. Instcad, onc can cither modily the
antibody molecules in such a way that aclive siles have a low inleraction energy to the
surface, or modily the surface Lo preferentially interact with only certain parts of the
anlibody.
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antibody molecules on the solid surlaces. To overcome these problems, 1wo
approaches for sile-specific immobilization ol antibodics have been reported recently.
In the first approach, antibodics are immobilized Lo hydrazide-activated supporls via
their oxidized carbohydrates by forming covalent hydrazone bonds. fmmunoglobuling
contain carbohydrale moicties linked Lo the CIH, domain of the IFe fragments. Under
mild conditions, the hydroxyl groups of the carbohydrates can be oxidized (o aldehyde
groups by sodium periodate without significantly impairing the aclive siles ol the
antibody [4- 6]. Another method is to immobilize IFab’ fragments via thiol groups at the
hinge region [6-8]. This can be done by first making [F(ab); with pepsin digestion,
foliowed by reduction of the disullide bond which links the two Ifab' fragmenls by
dithiothreitol. The free thiol groups can then be coupled Lo maleimide-aclivated
supporls.

When antibodics are immobilized Lo agarose pels, bolh site-specilic coupling
methods resull inan increase in AgBC over non-scleclive coupling methods. However,
agarose gel is not an ideal support for high-pesformance aflinity chromatography
(HI’AC) because of its low mechanical stability. Recently, it has been sugpesied thal
silica is o promising material for HPAC due Lo its inherent mechanical stability, which
provides good ITow characleristics cven under high pressure [9].

owever, silica and agarose exhibil completely dilTerent chemical and physical
propertics. For example, agarose gel is a soll organic material with high waler content,
while silica is a hard inorganic material. From' the point of view ol antibody
immobilization, there is one important difference between the two malerials which has
been ignored so far and needs lo be examined, protein adsorplion or resislance
propertics. Why are these propertics important for site-specilic couping ol antibodies?
Examine FFig. 1.

In the upper part of Fig. 1, malerials used for chromatographic supports are
roughly classilicd into three categorics, according Lo their prolein resistance proper-
lies, The firsl calegory includes natural and synthetic uncharged hydrogels, such as
agarose, dextran, and polyacrylamide, which exhibil low protein adsorption proper-
ties. Although a number of explanations have been offered as to why proteins exhibit
weak interactions with these materials[10], the exact mechanism is still unclear, The
sccond calegory includes malerials such as silica, polystyrenc, and polyethylene, which
exhibit strong protein adsorplion. Depending on the nature of the surface, protein, and
solution medium, the protein is adsorbed via ionic inleractions, hydrophobic clfeels,
polar-polar interactions, Van der Waals lorces, or, most probably, a combination of
all such interactions [10,11]. An enormous amount of work has been reported in the
literature on the protein adsorplion to various substrales [11,12]. ‘The third calegory
consists of the materials which have the prolein adsorplion propertics somewhal
between Lhe two Lypes of malerials discussed above.

Site-specific coupling of a protein lo agarose (lef1) and silica (right) surfaces is
schematically shown in the ower part ol Fig. |. Examine the agarose situation lrst: the
open circle on (he hydrogel surface represenls a functional proup which can form
a covalent bond with a specilic site on Lhe protein (shown by the closed circle on the
protein). Our hypothetical protein is a single polypeptide chain and consists of (wo
domains, whose surlace includes regions of hydrophobic, charged, or polar characler.
According to the collision theory of bimolecular reactions, the prolein molccule must
first approach and collide with the surfuce before the covalent bond can be formed.
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desorption deereases. Liventually, the protein may become irreversibly adsorbed on Lhe
surface in a complelely or partially denatured conlormation. Therclore, one could
expeet that on the silica surfaces Lhe Tormation of chemical bonds is sccondary to
physical adsorption. :

IFrom the above discussion, it seems that, depending on (he lypes ol substrates,
different immobilizalion strategies shiould be employed Tor controlling the orientation
of the immobilized protein. But, how can we experimentally prove it? We have
previously shown (hal the immobilization of the partially denalured antibodies on
silanized silica surfaces resulled in higher AgBC and higher antibody surlace
concentrations than for the native antibody [13]. The antibody immaobilizalion
methods used in Lhe previous sludy were physical adsorplion and non-site-specific
chemical coupling. In this study we have immobilized antibodies on dilferent supports
lo investigale the substrale effect on the site-specific coupling for antibody im-
mobilizalion. Hydrazide-derivatlized agarose and silica were used lo immobilize
oxidized and non-oxidized native and partially denatured antibodies.

EXPERIMENTAL

Cleaning of silica sanples

All silica samples werccul [rom 2.5cm x 2.5cm x 0.1 em fused-silica slides (CO
grade, ESCO) and the edges were fincly polished. The size of the sample was 1.1 cm
x (.95 cm x 0.1 em and [its into a 13 x 75 mm culture tube (Fisher) in which all
surface reactions look place at room lemperature. Cleaning of the silica samples has
been described elsewhere [13].

Stlanization of cleaned silica samples

Two silane reagents were used in (his sludy: y-glycidoxypropylirimethoxysilane
(GOPS, Aldrich) and dimethyldichloresilane (IDDS, Petrarceh). The silica chips were
reacted with a dry toluene solution of GOPS (2% GOPS, 0.2% tricthylamine and
97.8% dry Loluene, v{v) [14] or dry lolucne solution of DDS (10% DDS and 90% dry
tolucne, v/v) for | hand 30 min al room lemperalure, respeetively. The GOPS samples
were rinsed with dry acelone and the DDS samples were rinsed with absolute ethanol,
The chips were then cured in a vacuum oven (which has been Mushed with nitrogen
three times) at 120-130°C [or 1 h. The epoaxide groups of GOPS on the silica surlaces
were Lhen reacled with a 10% hydrazine solution (15, Merck) in methanol for 3.5 h at
room temperature, lollowed by rinsing with deionized water lirst and then absolule
cthanol and dried in a vacuum oven Tor 1 hat 120-130°C. The bydrazide-treated silica
(Si-Hz) surlaces were analyzed by electron speclroscopy for chemical unalysis (ESCA)
to conlirm the occurrence ol the surfuce modilication.

Autibody and antigen system

The polyclonal goal anti-huwman serum albumin (ant-HSA) immunoglobulin
G (1gG) fraction was purchased from Cappel Labs. Crystallized human serum
albumin (HSA) was purchsed from Miles Dingnostics.

Radintabelling of proteins
The anti-1ISA or THSA was labelled with carrier-lree "251 (100 mCifml,
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tometer (Beckman, Model 35) at 280 nm. Values of 0.54 and 66:(}(10 “w(\:w:lhc{[ T;q;\

absorplion extinction coclficient (£%' “1 ;131([ molecular W(‘.Ig‘lll (T;/L ' ) lnl . (.}(m.
respectively, while for 1gG (he values of £ "‘_/'" and MW I:IS(_:d were ] _‘.am .l.h .2““ ;
respectively. Labelling elficiency was determined by |1:'cc‘|p|lul:|1g proleins w‘nq,\, "'.;
trichloroacelic acid (TCA, Sigina) in the presence of bovine serum albumin (BSA) as
The amount of iodide bound to prolein wis determined by subtracting

carricr protein. : !
anl from Lhe lotal counts in solulion.

the counts in the supernal

srenaration of the partially denatured antibodics . .
i m/;r::t{irl;t:fl{y W:I.S purl.i:-.l':y denatured by dissolving app:'mmn.ulcly 5 |mg.||“]
anti-1SA in 0.5 ml of 0.1 A citric acid-phosphite bufler {pl-ll 2.8) for various .C“h 15
of time: 1, 20, 60 and 300 min (Fig. 2). Thc‘pll or the antibody ss)l.nllllnn |wd's| :;::(:
increased by using a PD-10 column (Pharmacia) which has been equilibrated with th

buffer used for antibody immobilization.

Oxidution antihodics T N, . o
The native or partially denatured antibodies were oxidized by sodium mela

periodale (J.T. Baker) in 0.1 M acclale lmfl‘:;r pl5.2 (Flig. 2). Sodium mc!:l—pcm;d;lllc
stock solution (30 mgf/ml) was added to antibody s-:_mh:lmn (3 mg,fm.[} al oncdl((;l.ﬂ 1!I (1(0}
(inal volume. The mixture was gently mixed lor va rious lenglhs of ttmc_(Z(), Y ;m{.‘ y ,
min) al room lemperalure and the sodium meta-periodate was then removed using
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a desalting column which had been washed and equilibrated with diluted coupling
buller, pll 5.2 acetate buller,

Immebilization antibodies

Silica. Oxidized or non-oxidized samples ol native or partially denatured
anli-11SA antibodics were immobilized via cither physical adsorption or site-specific
chemical coupling. For physical adsorption, three experiments were performed: (1)
non-oxidized antibodics in 0.15 A phosphate-bulfered saline (PBS, pll 7.4) adsorbed
oulo DDS silica surfaces; (2) non-oxidized antibodies in 0.1 M acctale bulfer (pl 5.2)
adsorbed onto §-11z surlaces; and (3) the oxidized antibodies in 0.1 Af acclale buller
(pH 5.2) adsorbed onto DDS silica surlaces. For sile-specilic coupling, the oxidized
antibodics were reacled with the Si-Hz surlaces in 0.1 M acelale bulfer (pI1 5.2.). The
adsorption or reactign time for all experiments was 3 h al room lemperature followed
by rinsing with bufler. The concentration ol antibody solutions ranged from 0.7 Lo .9
mg/ml. Surface concenlralions ol the immobilized antibodics were determined by
radiolabelling technique,

Agarase gel. The Alli-Gel hydrazide agarose gel (gel-112) purchased from
Bio-Rad was used to immobilize anli-1SA antibodies. The gel contained hydrazide
groups, and coupling procedures have been described clsewhere [15,16]. Solution
concentrations of antibodics ranged from 0.8 Lo 1.1 mg/ml. The amount ol antibody
immobilized on Lhe gel beads was delermined by measuring the deplelion ol antibody
in bulk solulion with a UV-VIS spectropholomeler,

Antibody—antigen binding experiments

The anti-HISA-couted silica and hydrogel samples were incubaled with an excess
amount of iodinated HSA in PBS for | and 2 b al room temperature, respeclively., The
silica sumples were held by loreeps and rinsed with PBS gently to remaove the weakly
adsorbed antigen solution layer. The hydrogel samples were rinsed with 'S more
than five limes unlil no iodinated HSA was detected in the rinsing solulion. In all
anligen binding experiments, an cxeess amount of BSA was added Lo the 1SA solution
to minimize non-specific adsorption. The amount of BSA added was 70 100 limes
higher than that of TISA.

Fuoreseence measurenmoent

Conlormation changes of the anlibodies resulted from acid treatiment or
axidalion were chavaclerized by 4, 4-bis|8-(phenylamino)naphthalenc-1-sullonalc]
(bis-ANS, Molccular Probes). Bis-ANS fluorcesces slrongly wilh an cmission peak at
515 nm when bound te hydrophobic regions ol proteins, whereas the unbound dye is
virtually non-fluorescent in aqueous buller [17,18]. For non-oxidized antibodics, the
final concentrations of the antibodies and bis-ANS in PBS were 3 10 Sand 1107 Af,
respectively. IFor oxidized antibodics, the Nuorescence measurcments were performed
in pll 5.2 acelate bulfer in which cross-linking between antibody moleenles was
prevented. The final concentrations of the antibodies and bis-ANS were 6 10°% and
1- 105 M, respectively. The Muorescence experimenlts were pecformed in a Greg-200
multifrequency Muoromeler (1SS, Champaign, 1L, U.S.A.). The sample solulions were
excited with plane-pelarized light at 400 nm from a broadband 200-W xenon
high-pressure lamp, The [Tuorescence at 515 nm was collected at 907 with respect Lo the
incident light.
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RESULTS

The AgBC of oxidized and non-oxidized antibodics imm.ohili:;.cd on |)I)‘S SI!ICH
surlaces arc shown in Fig. 3 asa [unclion ofantibody denaluration time. The ertih'mc
pointis for the native antibody, immaobilized wilthout low-pli treatment. l)cl‘li'l'.lllrs..'lhgﬂ
of antibody in low-p11 bulfer for | min, 20 min, 1 hand 5 h were pcrio:m(:(: (”][1_. : ).
Prior Lo immobilization, the low-pH bulfer was cxcllnngcd with [1!1 .7.4 I HS. n ‘f‘.‘l or
the non-oxidized antibodies or pH 5.2 acelale buller .For the oxidized anliboc l‘cr*'-

For non-oxidized antibody, the AgBC alter 20 min exposure 10’Inw:|1ll izu L-.‘I.I.I)S
approximately two limes higher than that of the native :ll.llll‘l?tly Fll n:nn} cl.tsc-( Ig.[;éA.
This increase in anligen binding is probably due lo specilic infer nclmns‘ 'fC{:.lll;if : "
was used to reduce non-specilic binding. Furthermore, the AgBC l]CCIC;IISLIS {[Flm;:,;
ically with increasing denaturalion time. .Aflcr 5 h of exposure lo IO\[\.H—.]‘)‘ 11‘.::“-::1.mcn
AgBCisslightly lower than that of the nalive case. Although this sclrts‘ ILb:]-”-'i.“;,; o
published previously, il is listed here again for }hc purpose of (.Pnl‘j "li q“m;“;
A similar trend was also observed for anlibodics \.vlm.:h had l'uccn Ox-“h,ff Iw: "1‘.1:1_']”0“
mela-periodale (Fig. 3b). The AgBC increased wilh increasing antibody denaturs
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Fig. 4. Antigen binding capacity of immuobilized antibody on Si-Hz surfaces as o function of antibuody
denaturation time: (2) non-oxidized antibody (n=13): {b) oxidized antibody (n=48).

time and reached @ maximum alter 20 min. The AgBC was approximalely lwo times
higher than that of the native case. At longer times, the AgBC decreased slightly with
further denaturation lime.

The ApBC ol oxidized and non-oxidized antibodies immobilized on Si-11z
surlaces are shown in Fig. 4. The results were similar to those observed on DDS
surlaces. The maximum AgBC of both antibodics on Si-HZ surlaces occur alter | min
of low-pl I treatment, and they are about two to three Llimes higher than those of the
native antibodies. The surface concentrations of non-oxidized and oxidized antibodics
immobilized on DDS and Si-Hz surfaces were also delermined as a function of
antibody denaturation time (Figs. 5 and 6, respectively). In all cases, exposure of
antibodics Lo low-ptl solution prior Lo immobilization dramalically increased
antibody surface concenlrations.

. Inn contrast (o modificd silica surlaces, the hydrogel exhibited very good protein
resistance [13]. In olher words, the antibodies did not adsorb to agarose and can only
be immobilized (o the beads through covalent bonds. This was demonstrated by
incubation of the hydrogel beads with iodinated non-oxidized nalive and partially
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Fig. 5. Surface concentrations of anti-IISA on DDS su rfaces us # function ofantibody denaluration time: (1)
non-oxidized antibody (n=3) {h) oxidized antibody (n=>4).

denatured antibodies (5-hacid treatment). In principle, formation of covalent bonding
is nol possible in this case. Aller incubation and extensive rinsing, the beads were
counled for antibody surface concentrations. The results show that only a trace of
antibody bound to the beads. Therelore, the hydrogel beads were used as control lor
a surface which exhibits little or no protein adsorplion.

The amount of oxidized antibodics and their AgBC inmobilized on the AlTi-Gel
beads were delermined as a function of antibody denaturation time (FFig. 7). The
resulls showed that the AgBC and antibody surface concentralions decreased
concomitantly with increasing antibody denaturation time, This suggested that the
decrease in AgBC is caused by the decrease in antibody surlace concentralion, rather
than the orientation of the immobilized anibody. Furthermore, (e initial increase in
Lthe AgBC that was observed with short denaturation time on silica samples (IFigs. 2. 4)
was nol observed with hydrogel beads, suggesting that different mechanisms were
involved in antibody immobilization on the two diffcrent Lypes of malerials.

It is well known that proteins in low-pl1 solulion undergo conlormational
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changes, which in turn alfeet their adsorplion propertics. The conformalional changes
of the pattially denatured antibodics were characterized using a Muoreseent hydro-
phobic probe, bissANS. The fluorescence specla ol bis-ANS in dilTerent antibody
solutions are shown in Fig. 8. [L.can be seen that the Muorescence intensily of bis-ANS
increases with increasing antibody denaturation time, indicating conformational
changes of the Abs. In Fig. 8, data for the antibody with acid treatment for 5 hvare not
shown because the [uorescence inlensily was loo high lo measure. The effect of
oxidation time on the conformation of antibodics wus also characterized by bis-ANS
(IFig. 9). The Muorescence spectra for the anlibodics oxidized by sodium periodale lor
20. 40 and 60 min (curve ¢ and d) overlap cach other and are higher than thal for the
non-oxidized antibody (curve b). This indicates that oxidation processes have changed
the conformation of cerlain parts of the antibody molecule and that the kinetics ol the
conformational changes arc relatively last (less than 20 min).
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DISCUSSION

Oxidized or non-oxidized native and partially denatured anlibadies were
immobilized on (hree different surfaces via physical adsorption or chemical coupling.
Irom the chemistey point of view, the hydrazide on the surfaces can react with
aldehyde groups of oxidized carbohydrates in Fe [ragments, resulling in site-specilic
coupling. Our results indicate that this chemistry works very well on the agarose pels.
First, since only oxidized antibodies could be immobilized Lo agarose pels, immobi-
lization was due exclusively to covalent coupling (Fig. 7). Second, the apparent
activities of all immobilized antibodics using hydrazide chemistry on the agarose pels
were 75 4 3%. calculated assuming thal only half of the 1gG is the specilic antibody,
according lo (he specilication provided by the company (Iig. 7). This valuc is
consistent with other rescarchers’ finding and is generally two to Tour limes higher than
that of non-sile-specific coupling methods, such as cyanogen bromide-activated and
N-hydroxysuccinimide ester-aclivated agarose gels 4,5

Does hydrazide chemistry work as well on silica surfaces as on the agarose gels?
From the results shown in Fig. 4b and 6b, the apparenl aclivitics ol the immobilized
oxidized antibodies on Si-Hz surfaces exhibiled values ranging from 5 (o 15%, which
are substantially lower than that on the agarose pels. This is because the ol icitalion of
the antibodies on Si-Hz surlaces was controlled by the non-covalent interaclions
between the surfaces and antibodics rather than by site-specilic coupling chemistry.
This hypothesis is supported by the following experimental observations. First, in the
control experiments for Si-Hz surfaces (FFig. da and 6a), the non-oxidized antibodics
were strongly adsorbed onto the surfaces and showed approximately the same degrce
of AgBC as oxidized antibodics. This means that even though chemical bonds were
formed between the antibody and the surfaces, the rest of the antibody molecule could
still interact with non-specilic adsorption sites on the surluce and may have undergone
surlace denaturation. As a consequence, there is no advanlage of using site-specific
coupling with silica surfaces. Furthermore, sitce antibodics tend to adsorb irreversibly
Lo silica surfaces, the chance of the adsorbed molecule having the right aricntation for
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Fig. 10. Normalized antibudy (Ab) activily on [ive different surfaces: (8) non-oxidized anti-1ISA
immaobilized on DDS sutlaces; (b) oxidized anti-1ISA immabilized on DDS sutfaces; (¢) non-oxidized
anti-11SA immobilized on Si-11zsurfaces: (d) oxidized anli-T1SA immohilized on Si-1 1z surfaces: (c) oxidized
anti-1ISA immabilized on Afli-117 gel.

site-specific coupling is low. Thus, most of the antibodies werce immobilized prima ily
via physical adsorption.

Sccond, if physical adsorption dominales the orientation of the antibody on
silica surfaces, in principle it is possible to manipulate the orientation by altering the
adsorplion properties of the anlibody. This concepl is demonstrated by using the
partially denatured antibodics. From Lhe Muorescence experiments (Fig. 8), the resulls
show (hat exposure of hydrophobic regions of the antibody increases with increasing
acid denaturation lime. As a result, acid lreatment prior lo immobilization -has
a significant influence on both antibody surface concentrations and AgBC, as shown
in Figs. 2-5. Oxidalion can also change the conformalion ol antibodies (Fig. 9), which
in Lurn afTects their adsorption properties, as observed on the non-functionalized DDS
surfaces (Figs. 3 and 5). We have previously suggested that the increase in antibody
surface concentralions was due Lo the high allinity of the denatured regions for the
surluces [13]. This phenomenon is analogous to the “Vroman effcet”™ compelitive
adsorption between proteins [10]. In our case, the compelitive adsorption is between
the denatured and non-denatured regions of the antibody. :

On the agarose gels, antibody surface concentration decreases with increasing
denaturation time (Fig. 7). Since non-oxidized antibodies did nol adsorb to agarose
gels, we believe that the decrease in amount of immabilized antibedy is due lo the
decrease in accessibility of the carbohydrale groups alter acid trealment,

Finally, Fig. 10 shows the plot of normalized activity of immobilized antibody as
a function of antibody denaturalion time for all immobilization experiments. The
normalized values were calculaled by
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normalized uctivily =



