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ABSTRACT: Antibody orientation and its antigen binding efhi-

ciency at interface are of particular interest in many immunoassays ~ Fab Fab
and biosensor applications. In this paper, spectroscopic ellipso-
metry (SE), neutron reflection (NR), and dual polarization
interferometry (DPI) have been used to investigate interfacial
assembly of the antibody [mouse monoclonal anti-human prostate-
specific antigen (anti-hPSA)] at the silicon oxide/water interface
and subsequent antigen binding. It was found that the mass
density of antibody adsorbed at the interface increased with
solution concentration and adsorption time while the antigen
binding efficiency showed a steady decline with increasing antibody amount at the interface over the concentration range studied.
The amount of antigen bound to the interfacial immobilized antibody reached a maximum when the surface-adsorbed amount of
antibody was around 1.5 mg/m”. This phenomenon is well interpreted by the interfacial structural packing or crowding. NR revealed
that the Y-shaped antibody laid flat on the interface at low surface mass density with a thickness around 40 A, equivalent to the short
axial length of the antibody molecule. The loose packing of the antibody within this range resulted in better antigen binding
efficiency, while the subsequent increase of surface-adsorbed amount led to the crowding or overlapping of antibody fragments,
hence reducing the antigen binding due to the steric hindrance. In situ studies of antigen binding by both NR and DPI demonstrated
that the antigen inserted into the antibody layer rather than forming an additional layer on the top. Stability assaying revealed that the
antibody immobilized at the silica surface remained stable and active over the monitoring period of 4 months. These results are
useful in forming a general understanding of antibody interfacial behavior and particularly relevant to the control of their activity and
stability in biosensor development.
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1. INTRODUCTION

Antibodies and antigens have been increasingly used as
biomarkers for many biotechnological and biomedical applica-
tions such as pregnancy tests and cancer diagnostics. Most of the
applications rely on the immobilization of antibodies onto
different support interfaces for the purpose of antigen detection.
However, in many instances, antigen binding efficiency was
dramatically reduced upon interfacial antibody immobilization.'
Therefore, mechanistic understanding of the interfacial behavior
of antibodies and searching of the key factors affecting their
antigen binding capacity are very helpful in improving their
performance in many technological applications.

The Y-shaped antibody is bivalent. It has two antigen binding
fragments (Fab) and one crystallizable fragment (Fc) with its
crystalline dimensions approximately 142 x 85 x 38 A®?
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Antigen binding site is often called the variable domain (Fv) as
the sequence of Fv varies in different antibodies; it is located at
the far end of each Fab fragment. When an antibody is adsorbed
or immobilized onto a solid substrate, it can adopt four exemplar
molecular orientations: end-on (Fc attached to the support),
head-on (Fabs attached to the support), sideways-on (one Fc
and one Fab attached to the support), and flat-on (all three
fragments attached to the support). In many cases, the actual
orientation on a given surface may be a combination of these.”**
Different molecular interfacial orientations will result in different
antigen binding efficiencies or capacities associated with steric
hindrances. Better antigen binding capacities can be obtained if
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the Fv area is orientated toward the solution side (end-on), which
is clearly the preferred orientation. On the other hand, the
efficiency will be reduced if the Fv area is sterically hindered or
buried. Optimization of antibody orientation during interfacial
immobilization will hugely improve detection sensitivity.
Although antibodies can be immobilized through chemical
bonding, protein G supllaort, and other more elaborate interfacial
molecular engineering,"*~® most practical applications at the
industrial scale execute this process by direct spreading or
adsorption from solution. It is hence of both foundational and
practical significance to establish the relationship between mo-
lecular orientations at the interface and antigen binding efficiency
for physically adsorbed antibodies.

Prostate cancer is a major cancerous disease in male lgopula—
tion and accounts for about 10% of deaths from cancers.'’ ™ Its
early detection can save millions of lives. Monitoring the
prostate-specific antigen (PSA) level in serum is by far the most
commonly used approach. PSA is a 34 kDa serine protease
synthesized by the prostate gland and has been used as a premier
oncological marker due to the lack of real alternative markers of
prostate cancer. The total PSA (tPSA) in serum includes both
free PSA (fPSA, MW 34000) and its complexes with various
proteinase inhibitors. The complexes with @;-antichymotrypsin
(PSA—ACT, MW 90 000) and o,-macroglobulin (PSA—AMG)
are the two major forms, with the former predominant.'' There-
fore, quantitative detection of fPSA and PSA—ACT can effec-
tively help diagnose prostate cancer. However, the low cutoff
limit of the PSA (2.5—4 ng/mL) challenges current detection
methods.'>"® Techniques such as surface plasmon resonance
(SPR), quartz crystal microbalance (QCM), electrochemical
signal transduction, and microcantilever have all been explored
for the detection of PSAs.'>'* Many approaches including self-
assembled monolayers (SAM), biotinylation, fluorescent label-
ing, protein linkers or ligands, nanoparticle conjugates, and
secondary antibodies have been developed to improve detection
sensitivity.">""'*">* Among these different approaches, how-
ever, label-free detection methods are of interest for future
biosensor applications.”*** We have recently demonstrated that
neutron reflection (NR) is one of the techniques that can
effectively determine antibody molecular orientations at the
solid/water interfaces.>>**¢ In this paper, spectroscopic ellipso-
metry (SE), NR, and dual polarization interferometry (DPI)
have been combined to investigate the interfacial assembly of
PSA antibody [mouse monoclonal anti-human prostate-specific
antigen (anti-hPSA)] at the silicon oxide/water interface and the
subsequent in situ antigen binding. The direct determination of
in situ interfacial antibody orientation and its relationship to
antigen binding is an important step in optimizing biosensor
efficiency.

2. EXPERIMENTAL SECTION

2.1. Materials. Silicon (111) wafers were purchased from Compart
Technology Ltd. The phosphate buffers were made from Na,HPO, and
NaH,PO, (Sigma) with total ionic strength fixed at 20 mM. Decon90
solution was supplied by Decon Laboratories Limited, E. Sussex, UK.
Mouse monoclonal anti-human prostate-specific antigen (anti-hPSA)
(catalog no. 7820-0217) and native human prostate-specific antigen
(hPSA) (catalog no. 7820-0604) were purchased from AbD Serotec,
Oxford, UK. The concentrations of the antibody and antigen were
determined by UV at Az, with coefficients of 1.4 for the antibody and

1.84 for the antigen.27 Bovine serum albumin (BSA) was purchased from
Sigma. All samples were used as supplied.

2.2. Spectroscopic Ellipsometry. The principle of ellipsometry
has been described in our previous work.***® Silicon wafers were cut into
12 X 12 mm?” pieces for use in the ellipsometric cell fitted with a pair of
fused quartz windows®® specially designed for solid/liquid interface
measurements. The incoming and exiting beams were at 70° to the
surface normal and the windows were aligned to be perpendicular to the
two beams. Wafers were cleaned with 5% (v/v) Decon 90, rinsed with
plenty of ultra-high-quality water, and dried, giving good hydrophilicity.
The thickness of the oxide layer was 12 & 2 A as determined by
ellipsometry. Interfacial adsorption of the antibody, BSA blocking, and
antigen binding were carried out by using Jobin-Yvon UVISEL spectro-
scopic ellipsometer with a wavelength range between 300 and 600 nm.
Data were analyzed by use of software DeltaPsi IT developed by Jobin-
Yvon Ltd.

2.3. Neutron Reflection. NR measurements were carried out on
the SUREF reflectometer at ISIS Neutron Facility, Rutherford Appleton
Laboratory (RAL), Oxford, U.K,, with neutron wavelength ranging from
0.5 to 6.5 A. A sample solution of about 2 mL was filled into a cell*"**
made by clamping a transparent Perspex trough against the polished face
of asilicon (111) block with surface dimensions of 6 x 5 cm? (the silicon
block is 1.2 cm thick). The sample cell was mounted on a goniometer
stage linked to a control computer terminal. The neutron beam was
defined by two sets of horizontal and vertical slits placed before the
sample cell, providing a typical beam illuminating area around 4 x 3 cm?
on the center of the polished surface. The neutron beam entering the
small face of the silicon block was reflected from the solid/solution
interface, exited from the opposite end of the small face, and collected by
the detector. Each reflectivity was carried out at three incidence angles of
0.35°,0.8° and 1.8° and the resulting reflectivity profiles were combined
to cover a wave vector (Q) range between 0.012 and 0.5 A~ ", Reflectivity
profiles below the critical angle were theoretically equal to unity, and all
the data measured were scaled accordingly. Constant background was
subtracted by use of the average reflectivity between 0.3 and 0.5 A~ ",
The background was found to be typically around 2 x 10~ in D,O.
Note that silicon (and silicon wafers for SE) bears a native oxide layer. Its
thickness and composition were carefully characterized before any
adsorption measurements proceeded.

2.4. Dual Polarization Interferometry. Measurements were
performed on the Analight Bio200 dual polarization interferometer
(Farfield Sensors Ltd., Manchester, U.K.). The instrument undertook
real-time monitoring of time-dependent adsorption onto a bare silicon
chip surface doped with nitride. It simultaneously records the thickness,
mass, density, and refractive index of the interfacially adsorbed layers.
The working principle of DPI and its data analysis have been described in
a recent work on lysozyme adsorption.** A PHD2000 (Harvard
Apparatus) pump was used to provide liquid injection. The DPI was
calibrated with 80% ethanol in water and rinsed with phosphate buffer
before use. The experiment was started by injection of the antibody
solution, followed by incubation, rinsing of phosphate buffer, BSA
blocking, buffer rinsing, antigen binding, and buffer rinsing again. Data
were then analyzed with Analight Bio Software.

2.5. Stability of Immobilized Antibody. Silicon wafers were
cleaned and the thicknesses of the wafers were determined by ellipso-
metry as described above. Antibody was adsorbed onto the clean silica
wafer surface and dried by N, after buffer wash. The adsorption was
undertaken from 20 mg/L antibody solution for 2 min, resulting in a
surface-adsorbed amount of 1.2 £ 0.1 mg/m2 after buffer wash. Wafers
were then stored in clean sealed containers and left at room temperature.
BSA blocking and antigen binding experiments were subsequently
conducted after different time intervals (every 3—4 weeks) for a period
of 4 months.
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Figure 1. Adsorption of anti-hPSA antibody at2 (O), S (<), 10 (A), 20
(O), and 50 ( x ) mg/L at the SiO,/buffer interface followed by buffer
wash (BF), BSA (50 mg/L) blocking, buffer wash, and hPSA (S mg/L)
antigen binding. Phosphate buffer at I = 20 mM, pH 7, was used
throughout the experiments.

3. RESULTS AND DISCUSSION

3.1. Adsorption Dynamics. Spectroscopic ellipsometry (SE)
has been widely used as an effective and convenient method for
the detection of biomolecules such as proteins, peptides, and
DNA at interfaces.”®*”**~*! Figure 1 shows typical time-depen-
dent adsorption of the antibody at the SiO,/buffer interface.
Both antibody concentration and adsorption time affect the
amount of antibody adsorbed at the interface. At all concentra-
tions studied, the surface-adsorbed amount of the antibody
steadily increases with time and then tends to plateau. As the
antibody concentration increases, the adsorption tends to plateau
faster. After the 30 min adsorption, the rate of increase of the
adsorbed amount slowed down, but even after being equilibrated
for 1 h, the adsorbed amount did not quite reach the equilibrated
plateau. The adsorption was then stopped by gentle rinsing with
phosphate buffer for 15 min to wash off the free and loosely
adsorbed antibody molecules. As evident from Figure 1, desorp-
tion was negligible, indicating the strong interaction between
silicon oxide surface and antibody molecules driven by electro-
static interaction. BSA has been widely used as a blocking agent in
many immunoassays,”***® to block any nonspecific adsorption
(any adsorption that is not through the specific epitope binding),
for example, hydrophobic interaction. At antibody concentra-
tions below 10 mg/L, coadsorption of BSA led to an increase of
the surface mass density and the total surface-adsorbed amount.
However, as the antibody concentrations were above 10 mg/L or
the surface antibody amount was above 2 mg/m?, little BSA
coadsorption occurred. This observation indicated that the sur-
face was not fully covered by the antibody molecules when low
antibody concentrations were used. Coadsorption of BSA occu-
pied some of the empty spaces on the surface. At high surface
coverage of antibody, for example, above 2 mg/ m?, there were
few sites for inducing BSA coadsorption. This finding is con-
sistent with the results obtained from glass beads and silica
microparticles by Hoehne et al,** who found that the adsorption
monolayer footprints of the three antibodies on these particle
surfaces were around 2—3 mg/m” As already indicated, the
antibody has approximate dimensions of 142 x 85 x 38 A>. Each
molecule occupies an area around 12 100 A” in a flat-on orienta-
tion. An adsorbed mass of 2 mg/m> almost fully covers the
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Figure 2. Surface-adsorbed amount of antibody (O, left axis), antigen
binding amount (A, right axis), and binding ratio (0, right axis) at
different antibody concentrations. The surface-adsorbed amounts of
antibody were all at 60 min.

surface (97%). This interfacial structural feature is well supported
by the NR data, as will be shown later.

Figure 2 displays the changes of surface-adsorbed antibody
against its bulk concentration. The amount of adsorbed antibody
shown here represents the values measured after 60 min adsorp-
tion. A dramatic elevation of the antibody surface adsorption was
observed when its concentration was below 20 mg/L, above
which the extent of increase of the adsorbed amount slowed
down and tended to an adsorption plateau, an observation
consistent with the recent work of Chen et al,,*° who studied
anti-hCG adsorption against concentrations up to 100 mg/L
using SPR. These authors found that the SPR angle increased
dramatically from 2 to 20 mg/L. Above this concentration the
rate of the SPR angle rise was much slower, indicating the
attainment of antibody adsorption plateau.

Also displayed in Figure 2 are the changes of antigen binding at
the interface and their binding ratio. The ratio of antigen binding
is a measure of binding efficiency, which clearly shows a steady
decline with increasing antibody adsorption; the rate of decline
matches that of antibody adsorption, consistent with the pro-
posed effect of interfacial packing density. A striking observation
is the occurrence of the maximum from the amount of antigen
binding. Over low concentrations below S mg/L, the surface
antibody coverage is low. There is a clear trend of rising antigen
binding with increasing antibody adsorption, signifying that there
was little adverse effect underlying the access of antigen to
surface-immobilized antibody. Increase in the amount of anti-
body at the interface resulted in a greater amount of antigen
bound. Meanwhile, the steric hindrance also increased with
increasing amounts of antibody. This process explained the
subsequent drop of the binding amount, consistent with the
continuous decline of the binding ratio. Thus steric hindrance is
clearly very significant in interfacial antibody—antigen recogni-
tion. The main features of the findings here are consistent with
our previous studies of human chorionic gonadotropin (hCG)
antibody systems,” in which antibody (anti-3-hCG) adsorption,
hCG binding, and the binding ratio showed similar trends.®

Note that the rising binding amount reported here occurred
when antibody concentrations were very low and this effect tends
to be overlooked. In general, the amount of antibody adsorbed
increases with adsorption time and solution concentration over
the time and concentration ranges discussed above. This

7656 dx.doi.org/10.1021/1a201245q |Langmuir 2011, 27, 7654-7662



Langmuir

1.E-03

1.E-04

Reflectivity

1.E-05

1.E-06 . -
0.04 0.06 0.08 0.1 0.12 0.14

Q/A?

Figure 3. NR profiles at the silicon/D,O buffer interface at an antibody
concentration of S mg/L (A) in phosphate buffer (I =20 mM, pH 7 in
D,0). The solid line is the best fit if it is assumed that the antibodies
adopted “flat-on” orientations at the interface (7 = 42 A), while the red
and blue dotted lines denote the best fits if it is assumed that the
antibodies adopted “side-on” (7 = 85 A) and “head-on” or “end-on” (7 =
142 A) orientations at the interface. Prior to the adsorption, the native
SiO, layer was found to be 12 A thick with no defects or voids through
NR reflection at the silicon/D,Q interface.

phenomenon has also been observed on other surfaces and other
antibody—antigen systems.*”** As surface packing density of
antibody increases, antigen binding tends to drop drastically, a
trend consistent with our hPSA observation. Yuan et al.** have
tried to improve the immobilization capacity of anti-rabbit IgG
and antigen binding using chitosan/alginate layer-by-layer self-
assembled multilayer films. Their SPR results demonstrated that
antigen/antibody binding (and the ratio) decreased with increas-
ing antibody concentration. Le et al.** have attached anti-0-hCG
to surface substrate through N-hydroxysuccinimide. They also
found that an increase in surface-adsorbed anti-0-hCG resulted
in the reduction of hCG binding efficiency.

3.2. Interfacial Structures. Neutron reflection (NR) is
powerful at detecting the thickness and composition of molec-
ular layers or nanofilms with sensitivity down to 2—3 A.>***7 It
has been widely used for studying biological molecules such as
DNA,***® proteins,*>** 5% peptides,**>*** and lipids.*>*>*°
Information about the conformational orientations of these
biomolecules can be derived from comparing the interfacial
structures of the layers with molecular dimensions.

In this work, neutron reflection was carried out with well-
polished silicon as substrate. The thickness of the native oxide
layer on silicon surface was found to be 12 & 2 A from neutron
reflectivity measured at the silicon/D,O interface. No roughness
was required to fit the layer, indicating a high degree of surface
smoothness. Figure 3 shows the NR profile (A) of antibody
adsorption at 5 mg/L in 20 mM phosphate buffer in D,O, pH 7.
As the molecules might adopt different orientations at the
interface, data were fitted by use of a monolayer model but it
was assumed that the molecules adopted “flat-on” (black solid
line), “side-on” (red dotted line), and “head-on” or “end-on”
(blue dotted line) orientations. Only the monolayer with a
thickness of 42 & 2 A could fit the measured profile. This
thickness corresponds to the short axial length of the antibody
molecule, showing that the molecules adopted the “flat-on”
orientation at low concentrations. Other models using thick-
nesses of 85 or 142 A, corresponding to the other two axial
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Figure 4. NR profiles at the silicon/D,0O buffer interface with antibody
concentrations at 5 (A), 10 (O), 20 (O), and 50 mg/L (<). Phosphate
buffer in D,0O at I =20 mM, pH 7, was used throughout the experiments.
Solid lines are the best fits, while symbols denote the measured data. For
clarity, the data profiles of 10, 20, and 50 mg/L have been shifted down
1—3 magnitudes along the vertical axis. Parameters obtained by data
fitting are shown in Table 1.

lengths, with varying volume fractions (matching different
scattering length densities) failed to fit the measured data. This
observation is hi%hly consistent with the published results from
other antibodies.”>*>* NR has previously been used to deter-
mine the surface orientation of anti-3-hCG antibody at the SiO,/
water interface.”*>*® It was found that anti-3-hCG antibody (at
both 2 and 10 mg/L) formed a monolayer with a thickness of
40 £ 3 A>*> AFM measurements under liquid conditions also
revealed a height profile of about 30 A, slightly less than the short
axial length of the antibody, probably due to the compression of
the AFM tip causing structural deformation of the adsorbed
protein.”>* Hoehne et al.** also revealed that their two anti-
bodies adsorbed onto the glass surface both had layer thicknesses
of ~4 nm.

The molecular volume fraction (¢) in the layer can be
obtained through

P — Py
P, = —- (1)
e,y

where p, p,, and p,, are the scattering length densities (SLDs) for
the layer, the proteins (3.4 x 10~ ¢ A~ for antibody, 3.3 x 10~°
A"?for BSA, and 3.1 x 10~ % A~ for hPSA, all in D,0), and the
water (635 x 10°¢ A~ for D,0), respectively. The labile
hydrogens in these proteins were assumed to be fully exchange-
able with the solvent. Area per molecule (A) can be expressed as

V
A= (2)
TQ,
where V, is the volume of the protein. Surface mass density or
adsorbed amount I' (in milligrams per square meter) can be

obtained from

MW
T 6.024

(3)

where MW is the molecular mass of the protein in grams per
mole and A is in square angstroms.
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Table 1. Structural Parameters of Antibody Layers Adsorbed
at the Silicon/Buffer Interface®

concn (p £ 0.05) x r+o02
(mg-L™") 7(A) 10°A% ¢+002 A(AY) (mg-m ?)
5 242 5.95 0.14 30900 0.81

10 1242 57 0.22 13736 1.8
2542 55 0.288
3543 6.1 0.085

20 1242 5.7 0.22 9263 2.8
3042 52 0.39
2843 58 0.186

50 1242 55 0.288 7117 35
3342 5 0.458
2543 5.7 0.22

“Ionic strength = 20 mM, pH 7, in D, 0.

(3]
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Figure 5. Comparison of surface-adsorbed amounts obtained from
ellipsometry () and neutron reflection (@) plotted against solution
concentration, with all data being measured after 60 min adsorption.

As demonstrated above, the monolayer model can fit the NR
profile at the low antibody concentration of 5 mg/L to the
thickness (7) of about 42 =+ 2 A and the scattering length density
(SLD, p) of 5.95 x 10 ¢ A2 The volume fraction of the layer
was found to be 0.14, with the area per molecule around 30 900
A% much bigger than the area occupied by a single antibody. This
observation is consistent with the above findings that the surface
was not fully covered by the antibody molecules. The presence of
gaps or voids between antibody fragments and BSA molecules
made it easier for the antigen molecules to access and bind.

To have a systematic understanding of the antibody molecular
orientations at the interface and establish the relationship
between antibody adsorbed amount and antigen binding ratio,
NR experiments were also conducted at several other antibody
concentrations. The data are shown in Figure 4, with parameters
obtained from data analysis listed in Table 1. At the concentra-
tion of 10 mg/L, a single layer could no longer fit the data. A
three-layer model has to be used to obtain a good fit. The interior
layer was found to have a thickness of 12 £ 2 A with a volume
fraction of 0.22. The middle layer has a thickness of 25 + 2 A
and a volume fraction of 0.29. The outer layer is much thicker
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Figure 6. (A) NR profiles measured at the silicon/D,O buffer interface
with antibody adsorption (O), BSA blocking (A), and then antigen
binding (O). The concentrations for antibody, BSA, and antigen were S,
50, and S mg/L, respectively. For each step, adsorption was allowed for 1
h followed by buffer wash. Phosphate buffer in D,O at I =20 mM, pH 7,
was used throughout the experiments. Solid lines are the best fits, while
symbols represent the measured data. Parameters obtained by data
fitting are shown in Table 2. (B) Antibody adsorption from DPI, BSA
blocking, and antigen binding under the same solution conditions as
used for SE and NR. Arrow indications: (a) buffer wash after antibody
adsorption; (b) BSA blocking; (c) buffer wash; (d) antigen binding; (e),
buffer wash thereafter.

(35 + 3 A) but has very few antibodies (¢ = 0.085). The main
structural feature from such a three-layer model is the coexistence
of the different conformational orientations, in particular, the
overlapping of the antibody fragments at the interface. The area
per molecule reduced to less than 14000 A% and its reduction
signified interfacial crowding. Further increase in the solution
concentration to 20 and 50 mg/L resulted in the elevated surface-
adsorbed amount and the volume fraction of each layer, con-
sistent with the drop of the area per molecule. The thickness of
the layers also varied as well. Although no change in thickness
was observed for the interior layer (12 & 2 A) over the
concentration range from 10 to 50 mg/L, the middle layer
thickness increased from 25 £ 2 A (at 10 mg/L) to 30 =2 A
(at 20 mg/L) to 33 £ 2 A (at S0 mg/L). The thickness of the
outer layer, however, was reduced slightly from 35 + 3 A (at
10 mg/L) to 28 & 3 A (at 20 mg/L) to 25 & 3 A (at 50 mg/L).
The main observation from this range of variation is, however,
the similarity in structural distribution in spite of local variations
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Table 2. Optimal Structural Parameters Obtained from Best Fits to Data Shown in Figure 6A

Sample/concn (mg'Lil) T (A) (p + 005) X 1076 (A*Z) q)antibodyr PBsas (pantigen Fantibody) 1—‘BSA) rantigen (mg'miz) 1—‘total +02 (mg mil)
antibody/S 4242 5.95 0.136,0,0 0.81,0,0 0.81
antibody/S, BSA/S0 4242 5.85 0.136, 0.033, 0 0.81,0.19, 0 1
antibody/S, BSA/S0, antigen/S 4242 5.70 0.136, 0.033, 0.046 0.81,0.19, 0.26 1.26
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Figure 7. Schematic representation to show adsorbed antibody molecules, BSA blocking, and bound antigen at the silicon/buffer interface bearing a

layer of silica or nitrosilica.
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Figure 8. Stability assay of the anti-hPSA antibody immobilized onto
the SiO, surface. The amounts of antibody (<, left axis) and antigen (O,
right axis) and the binding ratio (A, right axis) are displayed against time.

within each layer. The increased volume fraction of each layer and
reduced area per molecule show a steady increase of fragment
overlapping. The above findings are consistent with the results
from DPI studies of anti-CRP (C-reactive protein) antibody by
Lin et al.*” These authors found that the antibody molecules adopt
a prone attitude at low concentrations, resulting in a thin layer,
while thicker (but probably less dense) layers were observed at
higher concentrations. The adsorption from the four concentra-
tions of antibody resulted in surface-absorbed amounts 0f 0.81, 1.8,
2.8, and 3.5 mg/m’, respectively, highly consistent with the results
obtained from SE measurements (Figure S). Thus the combined
results show that when the concentration is above 10 mg/L or the
surface-adsorbed amount is above ~2 mg/m’ the area per
molecule reduced to a value less than the estimated molecular
footprint or the limiting cross-sectional area of an antibody
molecule, causing a significant decline in the binding efficiency.
3.3. Antigen Binding. Although ellipsometry measurements
have shown the adsorbed amount of antibody and the amount of

antigen binding, no indication can be gained about the relative
location between the antibody and antigen pair. Specifically, it is
of interest to find out if the antigens are on top of the antibody
layer or inserted into it. NR and DPI experiments have therefore
been carried out, with the results shown in Figure 6. In the case of
the NR experiment, the antibody was adsorbed at the silicon/
D, O buffer interface (in direct contact with native SiO,) and left
to equilibrate for an hour. NR measurement was carried out after
subsequent buffer wash to remove any loosely adsorbed mol-
ecules. The data analysis (shown in Table 2) showed the
formation of a single layer of antibody at the interface with its
thickness, volume fraction, and surface-adsorbed amount at 42 +
2 A, 0.136, and 0.81 mg/mz, respectively. BSA was used as
blocking agent, following previous immunoassay studies,>*>2%*
to block nonspecific adsorption on the antibody layer. Subse-
quent NR measurement after buffer wash indicated that BSA
blocking did not cause the increased thickness but did have a
contribution to the layer SLD, indicating that BSA adsorption
occurred via its insertion into the antibody layer. The surface-
adsorbed amount and volume fraction of BSA were found to be
0.19 mg/m” and 0.033, respectively. Although the values are very
low, the detectable amount of BSA adsorption without causing
any thickness change indicated that the blocking of nonspecific
adsorption sites occurred within the antibody layer. Antigen
solution was then applied to the blocked surface. An increase of
surface-adsorbed amount (0.26 mg/ m”) was detected with its
volume fraction at 0.046 within the layer. Interestingly, the layer
thickness was still kept at 42 & 2 A, again indicating the insertion
of antigen molecules into the layer rather than on top of it.
Similar studies have also been done with DPI because this
relatively new analytical technique has already been used for
studying interfacial adsorption of a range of biomolecules,
including DNA and antibodies.”****” 3% An advantageous fea-
ture of DPI is its real-time detection of dynamic adsorption, with
simultaneous monitoring of the adsorbed amount, thickness,
layer density, and refractive index. The antibody adsorption on
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the DPI waveguide (oxynitride surface) resulted in an adsorbed
amount of 1.1 mg/ m?, with the thickness around 5—6 nm. The
subsequent buffer flow washed off a minor but detectable amount
of loosely adsorbed antibody. Fluctuation of the thickness curve
and the trend of its steady decline with time indicated molecular
reorientation and adjustment at the interface after the fast initial
adsorption and the probable compression of solution flow. Over
the course of exposure of the antibody layer to different rinsing
steps, BSA blocking, and antigen binding, the total layer thickness
became eventually constant at ~4.2 nm, consistent with the
finding from the NR experiment. This value is closer to the short
axial length of the antibody molecules compared to the value of
2.5 nm from the anti-CRP antibody layer adsorbed at the
glutaldehyde-functionalized DPI sensor surface by Lin et al.>’
During this process, the amount of surface-adsorbed antibody
varied little before antigen binding, showing that while BSA did
not adsorb much, there was little desorption due to buffer rinsing.
The lack of BSA adsorption in this case is different from the
parallel NR measurement, where a minor but measurable
amount of BSA adsorption was detected. The difference could
arise from the flow that imposed some shear at the DPI sensor
surface. While it is unclear how nitrogen doping could affect
surface adsorption characteristics, the initial dynamic adsorption
is very different between Figure 1 and Figure 6B, suggesting that
flow-associated interfacial shear could speed up interfacial ad-
sorption. However, a jump appeared on the surface-adsorbed
mass immediately after the injection of antigen solution into the
system and it could not be washed off by the buffer flow,
indicating antigen binding onto the antibody. A slight increase
of the layer density after antigen injection could also be observed.
The increase of layer density without increasing layer thickness
also confirmed the insertion of the antigen into the antibody
layer. The refractive index, however, did not change much over
the whole experimental period, which is reasonable because the
three samples were proteins having similar refractive indices.

Based on the above observations, a schematic representation
of antibody adsorption, BSA blocking, and antigen binding has
been proposed and is shown in Figure 7. At lower surface-
adsorbed amounts (e.g, less than 2 mg/m”), the adsorbed
antibody molecules tend to form a flat-on monolayer about
4 nm thick. BSA blocking filled some empty spaces or gaps
without affecting layer thickness. The subsequent antigen bind-
ing tucked into the ends of Fab fragments, again without
increasing layer thickness. At higher surface-adsorbed amounts
(e.g., more than 2 mg/m?), antibodies overlap each other and a
lot of binding sites are buried. Only those on the top of the layer
are accessible for antigen binding,

3.4. Stability. The stability or bioactivity of the antibody
immobilized onto the SiO, surface has also been examined and
the data are shown in Figure 8. The results clearly demonstrate
that the surface-adsorbed antibody molecules still retain bioac-
tivity under dry conditions and ambient temperature over the
period (4 months) studied. The net antigen captured by the
antibody was 0.18 £ 0.02 mg/m” and the binding ratio was
0.36 £ 0.02. This information is particularly useful for future
biosensoring applications.

4. CONCLUSIONS

In this study, the interfacial immobilization of a mouse
monoclonal antibody (anti-hPSA) and subsequent in situ anti-
gen binding at the silicon/water interface have been investigated.

Time-dependent adsorption demonstrated that both antibody
concentration and adsorption time affected the surface-adsorbed
amount of the anti-hPSA antibody. For the concentrations
studied, the adsorption tended to the equilibrated state in about
1 h, with higher concentrations reaching equilibration faster. The
surface-adsorbed amount of the antibody on silica surface
increased with increasing concentration. In contrast, the antigen
binding efficiency as measured by the binding ratio showed an
opposite trend, showing the strong effect of surface packing
density or steric hindrance, restricting the access of antigens to
the binding sites. The amount of antigens grabbed by the
antibody molecules at the interface increased to a maximum at
a surface-adsorbed amount of antibody around 1.2 mg/m” and
then showed a steady decline. Over the low surface coverage of
antibody, antigen binding did not suffer from any major con-
straints. Thus, with increasing antibody surface coverage, the
amount of antigen bound increased. However, further increase in
the surface coverage of antibody resulted in the steric effect.
Therefore, the amount of antigen bound started to decrease as a
result of steric constraints. Thus, over the high amount of
antibody adsorption, only the binding sites on the top layer
remained accessible.

NR and DPI results demonstrated that the anti-hPSA anti-
body adopted a flat-on orientation at the interface over low
concentration range, with the antigen molecules inserted into the
layer. As solution concentrations became higher, overlapping of
the antibody fragments occurred, consistent with the outcome
inferred from interfacially adsorbed masses. The surface-immo-
bilized antibodies remained very stable under ambient environ-
ment over a period of 4 months studied, making the antibody
suitable for future biosensor development.
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