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Abstract

One of the critical steps in the development of an analytical technique is to confirm that its
experimental response correlates with predictions derived from the theoretical framework on
which it is based. This validates the technique quantitatively, and, in the case of a biosensor,
facilitates a correlation of the sensor’s output signal to the concentration of the analyte being
tested. Herein we report studies demonstrating that the quantitative response of Arrayed Imaging
Reflectometry (AIR), a highly sensitive label-free biosensing method, is a predictable function of
probe and analyte properties. We first incorporated a standard one-site Langmuir binding model
describing probe-analyte interactions at the surface into the theoretical model for thickness-
dependent reflectance in AIR. This established a hypothetical correlation between analyte
concentration and the AIR response. Spectroscopic ellipsometry, surface plasmon resonance
(SPR) and AIR were then used to validate this model for two biomedically important proteins,
fibroblast growth factor-2 (FGF-2) and vascular endothelial growth factor (VEGF). While our
studies demonstrated that the 1:1 one-site Langmuir model accurately described the observed
response of macro spot AIR arrays, either a two-site Langmuir model or a Sips isotherm better
described the behavior of AIR microarrays. These studies confirmed the quantitative performance
of AIR across a range of probe-analyte affinities. Furthermore, the methodology developed here
can be extended to other label-free biosensing platforms, thus facilitating a more accurate and
quantitative interpretation of the sensor response.
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INTRODUCTION

The detection and quantitation of biomolecules is important in expanding our understanding
of fundamental biology, and for clinical applications such as disease diagnosis and
prognosis. Detection of biomolecules has traditionally been carried out using either
fluorescently labeled targetsl2 or direct or sandwich immunoassays where the secondary
antibody is conjugated to a fluorophore, enzyme or other reporter molecule.34> Although
these techniques have been useful in research and diagnosis, the cost and complexity of such
assays, along with their semi-quantitative nature due to the presence of the labels, have been
widely recognized as inherent shortcomings.®:” Moreover, the label itself may alter probe-
analyte interactions.® Hence, much research is currently focused on developing label-free
detection methods and has resulted in the invention of biosensors transducing signals
through plasmonic,®10 optical,1112.13.14.15 glectrical 617 or mechanical means.18:19.20

These signal transduction methods provide a measure of the occupancy of the surface- or
solid-phase bound probe molecules by solution-phase analytes. Several studies have
reported the quantitative interpretation of the sensor response by converting the surface
occupancy to the surface concentration (mass per area) of the bound molecules. For
example, in ellipsometry, the measured layer thickness can be converted to surface
concentration either by simple multiplication (if the density of active probe molecules is
known) or by using de Feijter’s formula, which provides surface mass density as a function
of the measured thickness and the rate of change of the refractive index with the change in
solution concentration of the analyte.21.22 A correlation of 1 pm thickness change to
approximately 1 pg/mm? surface density has been proposed for other related optical
interference techniques.12:23 For surface plasmon resonance (SPR) spectroscopy, one can
either use full numerical simulations of Maxwell’s equations?* or a simple calibration of the
instrument’s response sensitivity2® (the resonance angle shift per unit change in bulk
refractive index) to convert the SPR signal to the adsorbate surface concentration. A similar
treatment has been used for SPR microscopy, wherein the reflectivity of a particular spot is
converted to surface coverage based on an instrument calibration curve relating the change
in reflectivity to the change in bulk refractive index.2® The course of translating the presence
of biomolecules into the sensor response has two aspects: (i) the sensor itself responds to the
change in the surface coverage, and (ii) the dependence of this surface coverage on the
solution analyte concentration is in turn governed by the probe-analyte interactions
occurring at the surface. Therefore, in order to ascertain how a sensor responds to different
concentrations of analytes, a thorough understanding of the biomolecular interactions at the
surface is a basic requisite. The ability to correlate sensor response to solution analyte
concentration facilitates an accurate and quantitative understanding of the sensor
performance and the physical and biomolecular factors affecting it.

We have previously reported the initial development of Arrayed Imaging Reflectometry
(AIR) as a highly sensitive label-free biosensing technique. AIR relies on the creation and
analyte binding-based destruction of a near-zero reflectance condition on a silicon chip.27:28
In brief, a substrate consisting of probe molecules immobilized on a thin layer of silicon
dioxide on a planar silicon chip is designed to have near-zero reflectance for a fixed
wavelength (632.8 nm), polarization (s-polarized) and angle of incidence (70.7°) of light.
This low reflectance is highly sensitive to the thickness of the layers that comprise the
substrate. The binding of analyte molecules to the immobilized probes causes a change in
the thickness of the surface layer, and hence an increase in the reflectance of the system,
which can then be measured using a simple optical apparatus. Spatially separated probe
spots of approximately 100 um in diameter can be easily resolved, and the technique is
therefore useful for multiplexed detection.29:30
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In our prior work, we calculated the dependence of the AIR sensor chip reflectance on the
silicon dioxide layer thickness and showed it to be in agreement with experiments.28 In
order to fully validate AIR in the context of probe-analyte binding, it was necessary to next
extend the quantitative model by incorporating the solution analyte concentration as an
independent variable. With this motivation, the main aim of this work was to first
understand and model the probe-analyte interactions (antibody and protein in this case,
respectively) occurring at the sensor surface. We could then incorporate these results into a
model that correlates the surface coverage and thus the solution analyte concentration
directly to the response from the AIR biosensor. Herein we report the full development of
this model, and cross-correlation of AIR reflectivity measurements with thickness values
obtained by spectroscopic ellipsometry and dissociation constants measured by surface
plasmon resonance.

EXPERIMENTAL SECTION

AIR chip preparation, image acquisition, and image analysis were carried out using
protocols similar to those previously described.3929 Detailed protocols and sources of
materials may be found in the Supplementary Information.

Theoretical Framework

The biosensing structure used in this work consists of a silicon substrate followed by a layer
of thermal oxide, a probe layer (comprising the linking chemistry and the immobilized
antibody), and a target layer accounting for the binding of the protein of interest. The
reflectance of this structure was simulated using a standard characteristic matrix method, as
reported previously.?8 It was determined from this simulation that for 632.8 nm wavelength
and for s-polarized light striking the substrate at an angle of incidence of 70.7°, the
minimum reflectance condition occurs at a total layer thickness of 1420 A (including the
oxide and the probe layer). This differs slightly from the optimum thickness reported
previously,28 resulting from differences in the index of refraction of the silicon substrates
used, owing to different suppliers. The characteristic matrix method enabled us to model the
increase in the reflectance of the sensor as a function of the protein thickness bound on top
of the probe layer.

Protein-antibody interactions on the chip surface were initially modeled using both a 1:1
one-site Langmuir binding isotherm31:32 and a two-site Langmuir isotherm.33:34.35 The 1:1
model is generally viewed as applicable for protein-antibody interactions in which the
antibody is immobilized, since although each antibody molecule provides two binding sites
they can be treated as independent and equivalent.36:37 The 1:1 one-site Langmuir isotherm
and the two-site Langmuir isotherm is described by

C

=
C+K, (1a)
and
C C
r=0, +0, ;
C+K, ~ ~C+K,, (1b)
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respectively. Here, T is the fractional surface coverage, C is the concentration of the protein
in solution, Kp is the dissociation constant for a protein-antibody pair, © is the fraction of
binding sites having a dissociation constant Kp; and @, is the fraction of binding sites
having a dissociation constant Kp,. The two-site Langmuir isotherm thus assumes two
different types of binding sites on the surface. Since the sensor response depends on the
thickness of the protein layer, fractional coverage is given by

= t
B fmax (2a)

where t is the thickness of the protein layer at a given solution concentration, and tmyay IS the
maximum thickness of the protein layer under a complete surface coverage condition. The
fractions of the two different types of binding sites in the two-site Langmuir model can be
expressed in terms of thickness as

Tmax
(_)]: max 1
tmax (zb)
and
[
@2: max 2 i
Tmax (2¢)

where tmaxq 1S the thicknesses of the protein layer when the ®4 fraction of binding sites is
saturated and tyax2 is the thicknesses of the protein layer when the ®, fraction of binding
sites is saturated. It should be noted that tmax1 + tmax2 = tmax-

Combining equations 1a and 2a or 1b and 2b results in

I=Imax —e
C+K, (3a)
and
I=Imax 1 +lmax 2
C+K,, C+K,, (3b)

respectively, which express the measured thickness as a function of the solution protein
concentration, maximum thickness, and dissociation constant(s). Kp values for the protein-
antibody interactions were determined using SPR and tpax Values were determined by
spectroscopic ellipsometry. For the 1:1 Langmuir model, the experimentally obtained Kp
and tnax values were sufficient to model the sensor response as a function of analyte
concentration. For the two-site Langmuir model, Kp; was held constant at the dissociation
constant obtained by SPR, while Kpa, tmax1 and tmaxe Were varied (with the constraint tax1
+ tmax2 = tmax) t0 obtain a best fit to experimental AIR data using a least squares method.

Anal Chem. Author manuscript; available in PMC 2012 May 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sriram et al.

Page 5

The thicknesses of the protein layer for different solution concentrations of the protein were
then included in the AIR thickness based simulations to calculate the corresponding change
in reflectance as a function of protein concentration. Thus, combining the characteristic
matrix method for calculating the change in the reflectance (or response) of the AIR sensor
as a function of protein thickness and one of the Langmuir models for correlating the protein
layer thickness to the solution protein concentration yielded a direct correlation between the
response of the AIR sensor and the solution protein concentration.

In order to facilitate a comparison with experimental data, the sensor response was
normalized between 0 to 1 using

R— Rmin

Scaled Reflectance (SR)= s
Rmax - Rmin (4)

where R is the reflectance at a given protein concentration, Ruyin is the minimum reflectance
corresponding to the antibody-terminated chip treated with buffer alone, and Rpyax i the
maximum reflectance obtained for a saturating protein concentration or for 100% surface
coverage (t = tmay)-

RESULTS AND DISCUSSION

AIR reports changes in reflectivity as a function of material deposited on the surface of an
antireflective chip. To verify that this behaves in a predictable fashion as a function of
solution protein concentration in the context of antibody-protein binding, it was important to
relate the experimentally obtained reflectance values to independently measured thicknesses
and affinities. The direct relationship obtained between the chip reflectance and the solution
protein concentration was tested by studying the binding of two model proteins, fibroblast
growth factor-2 (FGF-2) and vascular endothelial growth factor (VEGF), to their
corresponding monoclonal antibodies immobilized on an AIR chip. Both FGF-2 and VEGF
play important roles in many normal and altered physiological processes, including
angiogenesis, wound healing, bone growth, cancer development and
retinopathy.38.39.40.41,42.43 The Jevels of these proteins in various body fluids (particularly
serum, saliva or wound fluid) have been shown to be indicators of disease/healing stage and
disease recurrence.44%:46 Therefore, in addition to their value as representative proteins for
testing the sensor, sensitive and quantitative detection of these growth factors from
biological fluids is of critical importance to the field of clinical diagnostics. Because the
commercially obtained antibody-protein pairs displayed substantially different affinities in
these two cases (vide infra), they also provided an opportunity to examine sensor
performance and model congruence as a function of capture molecule (antibody in this case)
affinity.

Our overall strategy proceeded as follows: the solution protein concentration was used to
calculate the thickness build-up of the protein layer, which could then be converted into
sensor reflectance. Initial efforts centered on using a 1:1 one-site Langmuir binding model to
determine the fractional surface coverage of the total available binding sites in a spot
containing an antibody probe, for a given protein concentration based on the affinity of
interaction for the protein-antibody pair. The fractional surface coverage could then be
converted into a thickness if the thickness of the protein layer at 100% surface coverage was
known. The reflectance of the antibody spot was then calculated based on the change in
thickness induced by protein binding. In addition to the one-site Langmuir model, two-site

Anal Chem. Author manuscript; available in PMC 2012 May 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sriram et al.

Page 6

Langmuir and Sips isotherms were also explored to explain experimental observations and
provide additional insight into the biomolecular interactions occurring at the surface.

Determination of Protein-Antibody Interaction Affinity

Surface plasmon resonance experiments were carried out to determine the binding affinity
(expressed as the dissociation constant, Kp) for the interaction of FGF-2 and VEGF with
their respective monoclonal antibodies. The FGF-2 sensorgrams were obtained in duplicate,
and each was globally fit to a 1:1 Langmuir binding model which resulted in a dissociation
constant (Kp) of 1.6 + 0.1 nM and rates of association (k) and dissociation (kg) of (2.8 £
0.5) x 10’ M~1s71 and 0.044 + 0.004 s™1, respectively. Preliminary measurements of the
VEGF - anti-VEGF interaction suggested that the affinity constants were outside the
dynamic range of the instrument,4” and hence an SPR-based solution affinity assay#84° was
used to accurately determine the interaction affinity. A Kp of 97.1 + 24.5 pM was obtained
by fitting the data to a ligand depletion model (Supporting Information S7 and S8, Figures
S2 and S3).

Determination of tyax

Model

The tmax Was determined experimentally by measuring the thickness change induced by
protein binding at concentrations of 10 pg/mL and 1 pg/mL (corresponding to molar
concentrations of 575 nM and 57.5 nM for FGF-2 and 250 nM and 25 nM for VEGF) using
spectroscopic ellipsometry. These concentrations were chosen because the preliminary
simulations using the measured Kp values suggested that the protein-antibody interaction
signal saturates around 1 pg/mL (i.e., 57.5 nM and 25 nM for FGF-2 and VEGF,
respectively). Since the measured thicknesses at the two concentrations tested were not
significantly different, this confirmed that the signal saturates at 1 ng/ml (see Supporting
Information Figure S1), and this was used as the highest concentration for all subsequent
experiments.

Having experimentally determined the Kp and tax values for both FGF-2 and VEGF, a 1:1
one-site Langmuir binding curve was simulated using equation 3a. Figure 1A shows the
sigmoidal variation of the thickness of FGF-2 and VEGF protein layers with their respective
solution concentrations. We observe that the dissociation constant corresponds to the protein
concentration at which the thickness of the protein layer is half of its maximum value, in
accordance with the expected behavior for a one-site Langmuir binding isotherm. The
difference in the tyax Of the two proteins can be seen as the different saturating values for
the y-axis, and the difference in the interaction affinities is evident as a shift in the one-site
Langmuir curve along the x-axis. Next, an AIR response curve was simulated by
incorporating the one-site Langmuir curve into the AIR thickness-based model, and the
results are shown in Figure 1B for both the proteins. The different ty,x values for FGF-2 and
VEGEF result in different saturation reflectance changes on the AIR setup. We normalized
the simulated signals plotted in Figure 1B with respect to the Rynax Of each protein
individually (See Supporting Information, Figure S4 for the variation of unscaled raw
reflectance values as a function of protein concentration).

The predicted AIR response curve for the protein-antibody interactions is sigmoidal in
nature. Unlike a Langmuir isotherm, the Kp now corresponds to the protein concentration at
which the scaled reflectance value is 25% of its maximum. This is expected because of the
non-linear nature of the AIR response with thickness.28 While this non-linear response
confers the technique its high sensitivity to very small thickness changes, it also mandates
that the scaled reflectance versus concentration curve cannot be directly interpreted as a one-
site Langmuir curve. It can also be seen that the scaled AIR response curve is dependent
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only on the interaction affinity between the probe and the target analyte and not on the
saturation thickness tya«. This implies that any variations in the surface density of the probe,
which can be due to different types of capture molecules or surface attachment chemistries,
will not have a significant effect on the scaled AIR response as long as the affinity of the
probe-analyte interaction remains unchanged.

Thickness Measurements

Thickness changes for different concentrations of FGF-2 obtained from spectroscopic
ellipsometry were consistent with the presence of a single-affinity binding site on the
surface. Thus, we utilized a one-site Langmuir model, the simplest isotherm that describes
protein-antibody interactions, to fit the data. Figure 2A shows the thickness changes overlaid
on the plot depicting the one-site Langmuir model with a Kp of 1.6 nM. This model makes
several assumptions for the protein-antibody binding interactions: (i) it assumes that all the
surface-attached antibody binding sites are equivalent and equally accessible by the protein
molecules, and (ii) that the binding event occurring at one site is not affected by the
neighboring sites. It is important to note that these assumptions are not strictly fulfilled in
our system owing to the random orientations of the antibody binding sites on the surface
along with the steric factors associated with the protein-antibody interactions on a two
dimensional surface (discussed further below). Nevertheless, we see that the experimental
data closely follow the one-site Langmuir curve. The small deviations at some of the lower
concentrations can be attributed to the difference involved in the Kp measured using SPR
and the actual Kp on the chip surface. For SPR experiments, anti-human FGF-2 was
covalently attached to a carboxymethyldextran (CMD) modified gold chip (CM5). The
dextran layer provides a three-dimensional, flexible matrix for antibody immobilization.>0 In
contrast, the antibody on an AIR chip is covalently attached to a flat surface, likely causing
slight changes in antibody-protein binding kinetics.

Figure 2A suggests that, in spite of the random orientations, the surface presents a relatively
uniform binding affinity. The fact that the effect of any steric hindrances is not easily
observed can be attributed to the methodology followed for the determination of ta«, Or the
maximum surface coverage for the protein. This thickness measurement takes into account
the low accessibility of some of the surface-bound binding sites and the effect of steric
factors associated with the binding events occurring at neighboring sites on the surface, thus,
facilitating a close agreement between the experimental measurements and the model.

The high affinity of the anti-VEGF antibody, combined with the large size of the macro
spots (~6 mm) caused significant depletion of VEGF in the target volume at low
concentrations (data not shown). Ellipsometric measurements, therefore, were not feasible at
any but the highest VEGF concentrations of 10 pg/mL and 1 ug/mL (250 nM and 25 nM,
respectively). These measurements were used only to determine the tax for this protein
(Supporting Information Figure S1).

Reflectance Measurements for AIR Response

FGF-2 Macro spots—Intensity values for the anti-FGF-2 macro spots subjected to
different concentrations of FGF-2 were analyzed as described in the methods section, and
the obtained reflectance values were scaled between 0 and 1. Since the thickness
measurements obtained from the macro spots closely followed a one-site Langmuir (Figure
2A), we expected the corresponding AIR response to follow the same model. Figure 2B
shows an overlay of the measured AIR reflectance values on the simulated AIR response
obtained by considering the one-site Langmuir binding isotherm. We observe that the
experimental measurements closely follow the model as expected. Thus, for FGF-2 in macro
spots, thickness measurements from ellipsometry, one-site binding behavior using an SPR-

Anal Chem. Author manuscript; available in PMC 2012 May 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sriram et al.

Page 8

derived binding constant, and AIR reflectance data all cross-correlate well. As mentioned
earlier, the target depletion effect observed in the case of VEGF macroarrays, owing to a
combination of high affinity between the antibody-protein pair and large spot size, made it
unfeasible to acquire reliable AIR reflectance data from the anti-VEGF macro-spotted chips.

Microarrays—Our initial experiments used macro spots because they provided a platform
to directly compare ellipsometric measurements with AIR reflectance data, and provided
insight on the applicability of our model to represent protein-antibody interactions on the
surface. We next studied the AIR response for antibody microarrays, as microarrays are a
more versatile and widely used platform, and are essential for high throughput applications
of the sensor. Intensity values from anti-FGF-2 and anti-VEGF microarrays exposed to
different concentrations of their respective proteins were analyzed as described in the
methods section. The obtained reflectance values were scaled and overlaid on the simulated
AIR response to a one-site binding model.

As expected, the reflectance measurements for both FGF-2 and VEGF largely followed the
predicted sigmoidal behavior. However, there was a noticeable deviation between the model
and experimental observations at concentrations below 575 pM for FGF-2 and below 25 pM
for VEGF (Supporting Information Figure S8). The higher than expected signal at these
concentrations suggested the presence of a population of binding sites with affinities
stronger than the measured Kp. To test this possibility, we fit the data to a two-site
Langmuir model, for which one of the two dissociation constants was kept constant at the
value obtained from SPR and the second dissociation constant was allowed to vary. The
relative fractions of the two types of sites represented by tyax1 and tmax2 Were allowed to
vary with the constraint that tyax1 *+ tmax2 = tmax- The fits, obtained by a least-squares
method, are shown in Figure 3A and B for FGF-2 and VEGF, respectively. For FGF-2
microarrays, the simulated model corresponds to ~40% of binding sites with a Kp of 1.6
nM, and the remaining with a Kp of 27.2 pM. In the case of VEGF, the best fit was obtained
for ~71% of the binding sites with a Kp of 100 pM and the remaining sites with a K of 0.36
pM. It is evident from the close agreement between the data and the simulated response that
a two-site Langmuir better represents the binding interactions on the AIR microarray chip
surface than the one-site Langmuir binding.

An alternative model that accounts for binding site heterogeneity on the surface is the Sips
isotherm. Rather than positing a highly constrained set of affinities (such as the two-site
Langmuir), the Sips isotherm assumes a Gaussian-like distribution of affinities centered
about an average affinity constant.5152 The isotherm is given by

Ca
=
C*+(Kp,) ®)

where a is the heterogeneity index that determines the width of the distribution and Kp, is
the average dissociation constant. The case of a = 1 represents a homogeneous distribution,
and the Sips isotherm reduces to a one-site Langmuir model. A value of a < 1 corresponds to
a heterogeneous distribution of binding site affinities. Fitting the reflectance data obtained
from the anti-FGF-2 and anti-VEGF microarrays to an AIR model based on the Sips
isotherm results in the plots shown in Figure 3C and 3D. From the fits to equation 6, values
of a and Kp, were obtained for FGF-2 (0.52 and 122.2 pM) and VEGF (0.53 and 27.2 pM).

The results of different isotherms used to model the AIR response are compared in Table 1.
Consistent with the fits already discussed, in the case of microarrays, AIR reflectance
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models based on either the two-site Langmuir or a Sips isotherm fit the experimental data
with higher fidelity than a model based on a one-site Langmuir isotherm. However, how
does one determine which model (two-site Langmuir or Sips) provides a better
representation of the actual physical processes taking place on the surface of the chip? In our
surface attachment chemistry, the antibodies are immobilized via a non-directed amine-
aldehyde coupling reaction, potentially resulting in multiple antibody orientations. One
could readily imagine that the changes in conformation and accessibility of binding sites
caused by this method of immobilization could give rise to either a discrete set or a range of
closely spaced antibody affinities.>?

In order to understand the significance of the heterogeneity indices obtained from the Sips-
based fit, we estimated the distributions of the affinities predicted by the isotherm
(Supporting Information, Eq. S4). The widths of the distributions of affinities obtained from
the a values for the two proteins (Supporting Information Figure S9) suggest that the
obtained fits correspond to a highly heterogeneous population of binding sites, with
affinities ranging over four orders of magnitude. While one cannot a priori rule out such a
broad distribution of affinities, it seems less plausible than the physical picture represented
by the two-site Langmuir model. This is particularly compelling when one considers macro
spot results for FGF-2, which closely followed a one-site Langmuir model. In order to
further verify this observation, we also fit our FGF-2 macro spots data to a two-site
Langmuir and Sips-based AIR reflectance curve (Supporting Information Figure S10).
Statistical analysis suggested that the two-site fit was not significantly different from the
one-site fit (Table 1). For a Sips isotherm, the best fit with the Kp fixed was obtained for an
a value of 1 (R2 = 0.98), consistent with a homogeneous population of binding sites on the
surface.

An interesting observation in this study is the difference in the behavior of the same
antibody when immobilized in a macro spot versus microarray format. Anti-FGF-2 binding
sites in the macro spots appeared to present a uniform affinity towards the protein in
solution, whereas they presented a binary (or even more heterogeneous) distribution in the
microarrays. It should be noted that the spot size changes almost 60-fold in going from
macro spots to microarrayed spots, resulting in ~3600 fold change in the spot surface area.
The spotting volumes used for the two methods are very different, with 30 uL in a macro
spot and ~ 1 nL in a micro spot. Although the spotting concentrations used are similar,
different rates of evaporation can cause differential increases in the concentration of the
spotted solutions. Thus, the dynamics of the immobilization process can be very different in
the two cases, and can result in different surface densities of the immobilized molecules, as
has been shown for amine-mediated DNA immobilization.>* It is also known that increased
density of the immobilized probe molecules on a surface can affect the affinity constant for
probe-analyte interactions by, in most cases, increasing the affinity by slowing the
dissociation rates.5%96:57 We hypothesize that the above-mentioned factors all contribute to
the difference in the antibody behavior observed in the two instances. Different surface
densities of the antibodies can result in altered saturation thickness (tmax) values for the
proteins and affect the absolute reflectance values observed with our sensor, but the process
of normalization to the saturation reflectance Ryax corrects for such changes, and hence the
model itself is unaltered.

CONCLUSIONS

We have developed and validated a theoretical and experimental framework that correlates
the response of AIR with the solution protein concentration by combining appropriate
probe-analyte binding isotherms with the AIR thickness-based model for reflectivity. We
used SPR measurements and spectroscopic ellipsometry to demonstrate that the interaction
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of FGF-2 with anti-FGF-2 on our sensor surface in a macro spot format follows a one-site
Langmuir isotherm. The AIR measurements obtained in this format are also in agreement
with the corresponding response model. For a microarrayed format, we showed that AIR
signals from two different proteins, VEGF and FGF-2, closely followed a model
corresponding to a two-site Langmuir binding isotherm. These data together suggest that,
although a nonselective immobilization method (imine formation) was used for antibody
deposition, binding is well represented by a discrete set of affinities. We also observed that
the affinity of at least one population of binding sites present on our chip surface is
consistent with that measured using SPR as a reference technique. The response of AIR
microarrays is also well modeled by a Sips isotherm, although this model requires a highly
heterogeneous distribution of affinities to provide a good fit. Further studies examining the
relationship of antibody immobilization chemistry (including oriented vs. non-oriented
methods) with sensor performance and model correspondence may be useful. Of critical
importance, this study demonstrates that the performance of AIR is a highly predictable
function of the size and binding properties of the biomolecular partners (antibody and
protein) used in the experiment, and therefore provides confidence that high-quality
analytical data can be obtained from the technique.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Simulated binding curves. (A) One-site Langmuir curves depicting the 1:1 binding
interaction of FGF-2 (red) and VEGF (green) with their respective antibodies simulated
using equation 3a. The maximum thicknesses (tmax) for FGF-2 and VEGF used in the
simulations were determined using spectroscopic ellipsometry to be 1.3 nm and 0.8 nm,
respectively. Dissociation constants of 1.6 nM and 100 pM, as determined by SPR, were
used in the simulations for FGF-2 and VEGF, respectively. (B) AIR response curves for
FGF-2 and VEGF were simulated by incorporating the 1:1 Langmuir model into the AIR
thickness-dependent reflectance model. Raw reflectance values from the simulation were
scaled between 0 and 1.
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Figure 2.

Comparison of ellipsometric (A) and AIR binding data (B) for FGF-2 using a one-site
Langmuir isotherm. In both graphs, the red trace represents the theoretically modeled
curves, while the black points correspond to the average ellipsometric thickness
measurements of the FGF-2 layer at different concentrations in (A) and to the scaled
reflectance values measured by AIR in (B). Error bars represent the standard deviation of the
respective measurements from the mean value for three replicate experiments. The black
line in (A) indicates the highest protein concentration (10 ug/mL or 575 nM) used to verify
saturation thickness (Supporting Information Figure S1).
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Figure 3.

AIR response curves based on the two site Langmuir fits to FGF-2 (A) and VEGF
microarrays (B), and Sips isotherm fits to FGF-2 (C) and VEGF (D). Red and green traces
correspond to the simulated curves and the black points represent experimental scaled
reflectance measurements. Error bars correspond to the standard deviation of the scaled
reflectance values from the mean for three replicate experiments.
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Comparison of the different models used to study protein-antibody interactions on the surface via AIR.

Table 1

Protein  Array Format One-site Langmuir  Two-site Langmuir  Sips Isotherm
FGF-2 Macro spots Kp=16 an Nsd Kpa = 1.6 an
tmax = 1.3 nm® tmax = 1.3 nm®
R2 = 0.980 a=1
R2=0.98
FGF-2 Microarrays Kp=16 nmbP Kpy = 1.6 nmb Kpa = 122.2 pM
e = 1.3 nmC Kpz = 27.2 pM tmax = 1.3 nm®
R2=0.82 tmaxz = 0.51 nm a=0.52
tmaxe = 0.79 nm R?2=0.98
R2=0.98
VEGF Microarrays Kp =100 pr Kpz = 100 pr Kpa = 27.2 pM
0 = 0.8 NMC Kpz = 0.36 pM tmax = 0.8 Nm®
R? = 0.978 tmaxt = 0.57 nm a=0.53
e tmaxe = 0.23 nm R?2=0.99

R?=0.99¢

bDetermined by SPR.
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c . h . . )
Measured by spectroscopic ellipsometry for saturating concentrations of the protein. tmax = tmax1+ tmax2 was fixed at 1.3 nm for FGF-2 and

0.8 nm for VEGF, as measured by ellipsometry.

NS (Not Significant); for FGF-2 macro spot data a two-site based Langmuir model was fit and an F-test was utilized to statistically compare the

two models.53 The analysis resulted in a P value of 0.0680; for a 99% confidence interval this indicates that there is not a significant difference
between the one-site and the two-site-based Langmuir fits.

e.. . - . . _— .
Similarly, an F-test was utilized to compare the one-site and two-site Langmuir fits for the VEGF microarray data. A P value of 0.0036 was
obtained and at a 99 % confidence interval this indicated that the two-site based model was statistically better than the one-site model.
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