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1 Introduction

Abstract. Optically sectioned detection of fluorescence immunoas-
says using a confocal microscope enables the creation of both homo-
and heterogeneous planar format assays. We report a set assays requir-
ing optically sectioned detection using a model system and analysis
procedures for separating signals of a surface layer from an overlying
solution. A model sandwich assay with human immunoglobulin G as
the target antigen is created on a glass substrate. The prepared sur-
faces are exposed to antigen and a FITC-labeled secondary antibody.
The resulting preparations are either read directly to provide a homo-
geneous assay or after wash steps, giving a heterogeneous assay. The
simplicity of the object shapes arising from the planar format makes
the decomposition of analyte signals from the thin film bound to the
surface and overlayer straightforward. Measured response functions of
the thin film and overlayer fit well to the Cauchy-Lorentz and cumu-
lative Cauchy-Lorentz functions, respectively, enabling the film and
overlayer to be separated. Under the conditions used, the detection
limits for the homogeneous and heterogeneous forms of the assay are
2.2 and 5.5 ng/ml, respectively. Planar format, confocally read fluo-
rescence assays enable wash-free detection of antigens and should be
applicable to a wide range of assays involving surface-bound
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tion step and therefore tend to be faster, simpler, and more
amenable to automation. There is a wide range of homoge-

Immunoassay is an analytical technology that has been widely
used for diagnosis, chemical analysis, and screening. It is a
quantitative assay that depends on the reaction between an
antigen and an antibody.” Since its origin around 1960 with
the introduction of the first generation of radioimmunoassay
until the present, research efforts have been directed toward
increasing the sensitivity, decreasing the processing time, and
reducing the amount of reagents and sample required.” A
sandwich immunoassay is based on two antibodies that bind
to different sites on an antigen. Typically, an enzyme or a
fluorophore is attached to the secondary antibody followed by
absorbance or fluorescence detection. These techniques are
enzyme-linked immunosorbent assay (ELISA) and fluor-
escence-linked immunosorbent assay (FLISA), respectively.2

Immunochemical assay methods can be grouped to hetero-
geneous and homogeneous formats. Heterogeneous formats
require separation of bound and free labels before measuring
the results. Homogeneous assays do not require this separa-
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neous format assays in the literature. These vary from assays
within a single liquid phase followed by turbidimetric,”
colorimetric,s_7 ﬂuorometric,g’9 and luminescent'® detection
schemes to biphasic assays in which reagents partition be-
tween a liquid and a solid phase. Examples of the latter in-
clude beads,”"14 colloidal gold and latex particles,ls’16
membranes,”’18 and cells."* ' Some authors have argued that
the term homogeneous be restricted to assays where the solid
phase remains suspended in solution,22 however, there is no
general agreement on this point. Here we use the term homo-
geneous to refer to a biphasic assay that does not require
separation of free reagents via wash steps.

Confocal laser scanning microscopy (CLSM) is an imag-
ing technique producing optical sections of a 3-D specimen
from a single focal plane by introducing illumination and de-
tection pinholes. The optical sections have a shallow depth of
field, enabling collection of data from a single plane rather
than the entire thickness of the specimen. The elimination of
out-of-focus light results in an increase in contrast, clarity,
and detection sensitivity.” By moving the focal plane along
the z axis, a series of optical sections can be recorded. The
important advantage of confocal microscopy is the improve-
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ment in z axis (axial) resolution due to elimination of out-of-
focus photons. Axial resolution depends on the pinhole size,
the numerical aperture (NA) of the objective, and the excita-
tion and emission wavelengths. The scan speed of CLSM is
limited by its low duty cycle, however, a variety of alternative
optical sectioning methods exist, including multipoint24
(Nipkow-type spinning-disk microscopy) and line scanning
laser microscopy25 (L2M), programmable array microscopy
(PAM),***" and spinning disks equipped with a microlens
arrays.28 These and a variety of other structured light
alpproacheszg’30 could provide optical sectioning for fast detec-
tion of planar format assays.

Detection of a FLISA by CLSM has been described previ-
ously for bead-based assays'''**'® and spot microarray
formats.™ Although confocal readout has been described in
these papers, they were not carried out in a homogeneous
planar format nor have the characteristics of the confocal re-
sponse from these systems been published. A planar format
has two main advantages over beads in this context. First,
beads are susceptible to motion during readout unless immo-
bilized. Second, the shape of the bead requires that more com-
plex procedures be used to remove the fluorescent background
and determine the intensity arising over the entire volume of
the bead.

Fluorometric microvolume assay technology (FMAT) was
used as a detection method in FLISA bead-based homogenous
assays for high-throughput screening. The optical system of
FMAT has been described in detail'*® and a commercial
FMAT scanner was released'' in 1999. The FMAT system
consisted of a confocal scanner with a 20 X NA 0.45 objective
for detecting the FLISA with 6-um-diam polystyrene beads
in a homogenous immunoassay format.

Confocal readout of microarray format immunoassays was
accomplished previously and there are commercially available
scanners for this purpose.”®?’ The requirement when using
such a confocal microscope system for microarray scanning is
a very flat surface for the microarray substrate and sufficient
scanning speed to avoid photobleaching of the ﬂuorophores.38
There is, however, no consensus on the benefits of confocal
readout in the literature. For example, confocal readout has
been presented as a sensitive method for determination of
fluorescent signals emitted from the spots while rejecting out-
of-focus background.” Conversely, it has been argued that
most of the background signal on microarrays comes from
nonspecific binding to the slide surface, which is in the same
plane of focus as the sample and, thus, confocal read out
provides little benefit as a microarray scanning method.*®

Two-photon excitation has been described as another opti-
cal sectioning method for measuring the degree of binding of
a fluorescent tracer attached to 3-um polystyrene micropar-
ticles in a homogeneous immunoassay.39 An instrument for
two-photon excitation microparticle fluorometry (TPX) was
built to detect the fluorescence from individual microparticles
(1 to 10 wm) in suspension and measure C-reactive protein,*’
antiadenovirus antibodies,41 and influenza A and B virus
amtigens.42 The authors reported good sensitivity and dynamic
range with no washing steps along with the ability to multi-
plex the assay. Real-time monitoring of the bioreaction and
testing of the plasma samples demonstrated the potential of
the TPX method for development of clinical immunoassays.*’
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Fig. 1 Schematic diagram of a confocal sandwich immunoassay. The
response curve has three zones: (1) the negative z position represents
locations inside the ~170-um-thick glass slide; (11) the location of the
thin sandwich immunoassay film (~50 nm thick); and (Ill) the posi-
tive z position shows the fluorescent overlayer of unbound secondary
antibody. The assay structure consisting of overlayer, thin film, and
glass substrate is located above the objective and inverted micro-
scope. To clarify the geometry of the assay with respect to the micro-
scope the graph is oriented relative to the laboratory axes. Subsequent
figures plot axial position horizontally.

Here we demonstrate a set of planar FLISA assays requir-
ing optical sectioning to read out. The assays are based on a
model sandwich immunoassay consisting of a goat antihuman
immunoglobulin G (IgG) immobilized on a glass surface and
a goat FITC-labeled antihuman IgG, which are used to detect
human IgG. The model system was used to explore the con-
focal readout process while carrying it out in a spectrum of
assays ranging from completely heterogeneous (two wash
steps) to completely homogeneous (no wash steps). In these
model systems, confocal readout enables fewer wash and in-
cubation steps compared to conventional planar assays. By
eliminating wash steps, the confocal assay is simpler and po-
tentially more rapid.

1.1 Theory
1.1.1  Optically sectioned detection of planar format
immunoassays

The key part of the confocal sandwich immunoassay (Fig. 1)
is a fluorescent layer consisting of three stacked IgG mol-
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ecules, which is <50 nm in thickness.”*™* Depending on the

orientation of the IgGs within the film, the thickness may
range from ~12 to 45 nm. This dimension varies depending
on whether it is estimated based on x-ray crystallographic
data, scanning probe micrsocpy, or electron microscopy.“’
The value of 50 nm used here is meant to be a conservative
estimate indicating that the film thickness is arbitrarily thin
under the measurement conditions. In contrast to beads, the
axial position of a planar thin fluorescent film oriented along
the bottom of a plate can not be detected with a conventional
microscope. Hence, there is no way to determine the location
and relative intensities of the thin film and overlayer with
such a system. In addition, the thickness of this thin fluores-
cent layer is below the resolution limit of all but the most
advanced far-field fluorescence microscopes.*® Although the
thickness of IgGs stacked in a film can not be measured with
a confocal microscope due to the diffraction limit, both the
position on the maximum in the axial response curve and the
intensity of light from the film can be measured with consid-
erable precision.

In the confocal microscope, the planar assay format can be
thought of as the sum of a thin film and an overlayer. An
optical model of this system consists of a 50-nm thin film and
a uniformly fluorescent overlayer beginning 50 nm above the
glass surface and extending away from the film (Fig. 1). The
thin film and overlayer differ only in the concentration-
dependent intensity, designated C; and C,, respectively. More
rigorously, the two fluorescent objects (O) in the microscope
can be given as a function of position along the z axis:
0,(z)=C; for 0<z<50 nm and is 0 everywhere else, and
0,(z)=C, for 50 nm=<_z< and is 0 elsewhere. The overall
object function is the sum of the two:

0(2) = 04(2) + 04(2). (1)

For the purpose of the assay, the key to making accurate mea-
surements of surface-bound fluorescence is the ability to se-
lectively determine the concentration-dependent intensities C
and C,.

In the microscope, the object function is not observed di-
rectly. Instead, the measured object (M) depends on the object
function convolved with h, the confocal point spread function
(PSF):

M(z)=h ® O0(z). 2)

Since the diffraction-limited resolution along the z axis in a
confocal microscope observed at a high NA is of the order of
500 nm, the surface-bound film is thin relative to the reso-
lution of the microscope. This has the consequence that al-
though the object as modeled consists of exclusive zones as-
sociated with either C; or C,, the measured z axis “image”
contains signals arising from both the overlayer and the thin
film at every position along the z axis. For large z, the contri-
bution of the film can be made arbitrarily small. A similar
condition does not hold for the overlayer; the overlayer will
contribute significantly to the signal at all locations along z
due to blurring by the confocal PSF. Note that M can be
broken down into the parts corresponding to the two compos-
ing objects:

Journal of Biomedical Optics

064022-3

M(Z)=h® 0,(z) +h ® 0,(2). (3)

This equation suggests two ways to obtain information selec-
tively from the thin film. The first approach is to convolve
ideal objects [Egs. (1) and (2)] with a computed PSF. For this
study, the PSF, as described by van der Woort and
Brakenhoff,"” was applied to idealized objects, as in Eq. (1).
The relative intensities associated with C; and C, are then
adjusted until a best fit to the measured data is obtained using
least-squares minimization. Alternately, a semiempirical ap-
proach can be used in which the axial response of the micro-
scope is measured for a thin film in the absence of an over-
layer and for the overlayer in the absence of the thin film. The
measured data are then synthesized by making linear combi-
nations of the two measured objects. The best results are ob-
tained by fitting the observed data to simplified functions that
mimic much of the behavior of planar objects modified by
PSFs. The Cauchy-Lorentz function and the cumulative
Cauchy-Lorentz function are comparatively simple functions
that fit the shape of real axial response functions affected by
aberrations reasonably well. The semiempirical fit used the
following form:

_ ! ()L
R e T P CZ{ ] 2 2]
+B, 4)

where 7 is the axial position, z, is the center of the thin film,
v is the width of the response, and B is a constant that cor-
rects for electronic offsets and photomultiplier tube back-
ground in the confocal microscope.

1.1.2  Adsorption of proteins to a solid phase

The Langmuir equation is widely used to describe equilibrium
adsorption phenomena?’48 The Langmuir isotherm was origi-
nally developed to model the adsorption of gas molecules to
solid phases but it has been further applied to the adsorption
of proteins to a solid phase49 as follows:

_ Fmax[c]

= Kp+IC] ©)

In this equation, F is the observed fluorescence, F,, is the
maximal fluorescence, [ C] the concentration of protein in the
solution, and K, is the thermodynamic dissociation constant.

1.1.3  Estimating errors in parameters

Numerical differentiation can be used to estimate errors in
parameters found by least-squares minimization™® [e.g., least
squares fits to Eq. (4)]. The standard deviations s; of the i’th

parameter a; is
12
_1 S8 resid
siz[Piyi*<—nr_eb}<)} . (6)

The treatment here is substantially based on Billo.*® This ref-
erence should be consulted for further details of the method.
In Eq. (6) Pl_l1 is the i’th diagonal element of the inverse of
the matrix P, s5.q is the residual sum of squares for the
model, n is the number of data points, and k is the number of
parameters; P has elements given by
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N

Pi,j = 2

n=1

where 6M/éa; and OM/da; are partial derivatives of the

model function [e.g., Eq. (4)] with respect to the i’th and j’th

parameters. The derivatives can be approximated as AM/Aa;

by making small changes in a coefficient and computing the

change in M. In this fashion, the elements of P are computed.

We compute P~! to estimate the errors in the estimated pa-
rameters.

oM oM

9 7
o o (7)

2 Materials and Methods
2.1 Reagents

Human IgG (Product No. I4506), goat antihuman IgG
(7y-chain specific) (Product No. 13382), goat antihuman IgG
(y-chain specific), FITC conjugate (Product No. F-0132), bo-
vine serum albumin (BSA) minimum 98% (Product No.
A7030), Dulbecco’s phosphate-buffered saline (PBS) pH 7.4
(Product No. D8537), and NaN3 (Product No. S8032) were
purchased from Sigma-Aldrich Company Ltd. (Dorset, United
Kingdom). The step size optimization study employed quan-
tum dot labeled goat F(ab’), anti-human IgG (Product No.
Q11231MP; Invitrogen Ltd.; Paisley, United Kingdom).
Chambered cover glass slides (Lab-Tek chambered #1.0 boro-
silicate, Product No. 155411, Nalgene Nunc International,
United States) and glass bottom 96-well plates (Product No.
164588, Nalgene Nunc International, United States) were
used as solid supports for the immunoassay.

2.2 Instrumentation

A confocal scanner head (TCS NT; Leica Microsystems,
Heidelberg GmbH, Germany) installed on an inverted micro-
scope (DMIRBE, Leica Microsystems Wetzlar GmbH, Ger-
many) was used for the optical sectioning of the immunoas-
say. The 488-nm line of an argon ion laser was used for
excitation and the emission fluorescent intensity was detected
using a 530/30-nm bandpass filter. The objectives used were
HC PL FLUOTAR 10X 0.3 DRY, PL FLUOTAR 16X 0.5
IMM, HCX PL FL L 40 X 0.6 CORR, HCX PL FLUOTAR L
40X 0.75 DRY, and HCX PL FLUOTAR L 63 X 0.7 CORR.

2.3 Preparation of Confocal Sandwich
Immunoassay

The IgG immunoassays were conducted by immobilizing an-
tthuman IgG as the capture antibody on chamber slides or
96-well plates overnight at 4 °C. The remaining sites for pro-
tein binding were blocked with a solution of 1% BSA (1%
BSA in PBS with 0.02% NaN3) for 2 h. After washing with
PBS, for heterogeneous immunoassay, human IgG was added
as an antigen and incubated for 2 h with shaking. The
chambers/wells were washed with buffer. Goat anti-human
IgG-FITC was added to the chambers/wells as the secondary
labeled antibody and incubated for 1 h. For the homogenous
format assays, human IgG and goat antihuman IgG-FITC
were added simultaneously to the chambers/wells and incu-
bated for 3 h. All steps from blocking to final incubation were
performed at room temperature under continuous shaking.
The chambers/plates were scanned with the confocal micro-
scope without washing the second labeled antibody. The
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chambers/wells were then washed after scanning to investi-
gate the effect of washing the secondary antibody on the re-
sponse of the immunoassays.

2.4  Analysis

The sum of the intensity of each image in the stack of confo-
cal images was computed and plotted against z axis position.
These data were fit to Eqgs. (2) and (4) using least-squares
minimization. Detection limits were determined in two steps.
First, the dose response curve was determined over a range of
antigen concentration from 0 to 500 ng/ml with three repli-
cates at each concentration. This was used to determine the
slope of the linear portion of the response curve. Second, a
further 10 replicates at the lowest detectable concentration
from the dose response curve and the blank were measured
and used to calculate the detection limit (DL):

DL=—, (8)
m

where m is the slope of the linear portion of a dose response
curve, t=2.821, and s is the standard deviation of a set of 10
sample measurements. Reported “lowest detected concentra-
tions” represent the lowest concentration of the sample gen-
erating a significant (p <0.05) difference from a set of blank
measurements based on a ¢ test.

3 Results

3.1 Quality Assessment of Parameters Affecting the
Confocal Axial Response

Image quality is important when evaluating the performance
of a confocal microscope.SI_53 We investigated parameters af-
fecting the quality of the response from the confocal micro-
scope relevant to our assays: NA, pinhole size, and step size.
Step size is discussed in Sec. 3.2.3.

3.1.1 NA

The intensity of a thin fluorescent film resulting from the hu-
man IgG model system after removal of the overlayer was
measured in the confocal microscope with five different ob-
jectives varying in NA from 0.3 to 0.7 in a 512 X 512 region.
The axial response was measured with a 74-um pinhole ev-
ery 0.4 um along the z axis for a total of 50 images. While
remaining constant in this set of experiments, the pinhole was
below one Airy disk diameter and has little or no effect on the
resolution for this set of magnifications and NAs. The full
width at half maximum (FWHM) was measured for each ob-
jective (Table 1). As expected, the FWHM decreased with
increasing NA with all the objectives showing an axial re-
sponse to the thin film even at low NA. The improved reso-
lution at a high NA is advantageous as it will result in less
blurring between film and overlayer and thus improve both
sensitivity and limits of detection. Based on these results, the
40 X NA 0.75 objective was selected for subsequent use.

3.1.2 Pinhole size

The effect of the pinhole size on the intensity and resolution
of the axial response was studied using the 40 X NA 0.75
objective using 50 steps of 0.4 um along the z axis. The
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Table 1 Variation of the FWHM of the axial response to a thin film
when observed in the microscope as a function of NA for a variety of
objectives.

Objective FWHM (um)
10X NA 0.30 10.5
16X NA 0.5 7.0
40xNA 0.60 3.4
63 xXNA 0.70 2.8
40xNA 0.75 1.8

intensity of the signal increased nearly linearly with the pin-
hole size, but the FWHM of the axial response increased rap-
idly when the pinhole exceeded 150 um (Fig. 2). The Airy
disk diameter in the focal plane for the 40 X NA 0.75 objec-
tive is approximately 140 um and the optimal pinhole size is
considered to be about 50 to 60% of this Value,53 in good
agreement with the measured data. In addition, since the axial
resolution does not improve significantly below this optimum,
there is no benefit to further reduction in pinhole size. The
only effect would be to reduce the signal strength from the
film. Based on these experiments the pinhole size was set to
74 pwm in subsequent experiments.

3.2 Heterogenous Confocal Sandwich Assay
3.2.1 Response of film and overlayer

Human IgG as the antigen (1 ug/ml) was added to coated
chamber slides with the primary antibody (20 wg/ml) fol-
lowed by the secondary antibody (40 ug/ml). The chamber
was scanned in the confocal microscope using the 40 X NA
0.75 objective using 50 steps of 0.2 um along the z axis and
a 74-um pinhole without removing the fluorescent solution.
The axial response exhibited three distinct features (Fig. 1):
(I) a region of gradually decreasing signal trending to zero

3.2 4

FWHM (pm)
NOONN
H N [--] w

N
N
L

2 T T T T |
0 50 100 150 200 250

Pinhole size (um)

Fig. 2 Variation of the FWHM of the axial response of a confocal
microscope as a function of pinhole size for the 40 X NA 0.75 objec-
tive. The axial response begins to degrade when the pinhole is near
the diameter of the Airy disk (~140 um). The line is only to guide the
eye.
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corresponding to the glass surface below the assay (0 to
—5 pm), (II) a prominent peak arising from the thin film of
concentrated fluorescence on the glass surface (0 wm), and
(TIT) a region of decreasing fluorescence trending to a constant
value resulting from the fluorescence of the overlayer of un-
bound secondary antibody (0 to 5 um). The FWHM of the
peak was 1.75 pum and the measured axial response indicated
that the peak height contains signals from both the thin film
and the fluorescent overlayer. The presence of overlayer fluo-
rescence indicates that an excess of secondary antibody is
present and must be separated from the film signal.

3.2.2 Decomposition of the signals of the thin film
from an overlying fluorescent solution

The first approach to separating the signals used full numeri-
cal simulation of the response from an object consisting of a
thin film and overlayer convolved with a confocal PSF. The
PSF was generated according to van der Voort and
Brakenhoff;47 however, the correspondence between experi-
mental results and simulation was poor (data not shown), par-
ticularly in the wings of the thin film response. We ascribe this
to aberrations resulting from refractive index mismatches (air,
glass, and water) and the imperfect behavior of the lenses in
our system.

The second method used for separation was based on dis-
tribution functions. Axial responses of the thin film in the
absence of overlayer (a sample after washing the overlayer)
and the overlayer in the absence of the thin film (a blank with
same concentrations of first and secondary antibodies) were
scanned [Fig 3(a)]. After testing the Gaussian and the Cauchy-
Lorentz functions, the Cauchy-Lorentz functions were found
to fit the measured data well. The sum of the Cauchy-Lorentz
and cumulative Cauchy-Lorentz functions [Eq. (4)] fit well to
the experimental data from the confocal immunoassay. This
enabled the decomposition of the axial response of the assay
into two objects: the thin film and the overlayer [Fig. 3(b)].
Excellent reproducibility (*0.04 wm) was seen in localizing
the position of the thin film across the bottom of a chambered
glass slide, indicating good slide flatness and microscope sta-
bility.

3.2.3 Step size optimization

The effect of step size on the separation of signals from the
thin film and the fluorescent overlayer was studied by chang-
ing the step size in 0.1-um intervals between 1.6 and 0.1 um
over an approximately 10-um scan range with a 40 X NA
0.75 objective. Where 10 um was not evenly divisible by the
step size the closest scan range to 10 wm was selected. This
experiment was performed using quantum dots as the reporter
fluorophore to mitigate photobleaching problems in repeated
scans of the same location encountered with FITC-labeled
materials. The results showed that the signal-to-noise ratio
(SNR) of the thin film intensity parameter [C, in Eq. (4)]
decreases in a logarithmic fashion as the step size increased
(Fig. 4) with a tendency to overestimate the intensity of the
thin film at step sizes =1 um. Experiments described in sub-
sequent portions of this report were performed using a
0.2-um step size, which corresponded to an SNR of 168 in
the optimization study.
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Fig. 3 Decomposition the signal of confocal immunoassay to the thin
film and overlayer based on Cauchy-Lorentz function: (a) the axial
responses of thin film (@) and overlayer (M) measured separately, and
(b) the axial response of a sandwich immunoassay where the experi-
mental data (@) is decomposed to thin film (- - -) and overlayer (—)
after fitting the experimental data to the sum of thin film and over-
layer. The line connecting the data points is the best fit to Eq. (4) for
this set of measurements.

3.2.4 Heterogenous confocal sandwich assay
optimization

We optimized the different steps of the immunoassay proce-
dure for the widest dynamic range. The concentration of coat-
ing antibody (goat antihuman IgG) was tested from
2.5 t0 320 pug/ml at a constant saturating level of antigen
and secondary antibody (100 wg/ml) [Fig. 5(a)]. Using our
protocol, the observed behavior appeared to follow a Lang-
muir adsorption process. A concentration of 160 ug/ml was
chosen as optimal for the first antibody. This is a relatively
high loading of the first antibody, but was found to work well
for the chamber slides, reagents, and conditions in these ex-
periments. The influence of the FITC-conjugated secondary
antibody was investigated between 10 and 100 ug/ml [Fig.
5(b)] at a constant coating of antibody and the antigen yield-
ing an optimal concentration of secondary antibody
(50 pg/ml).

3.2.5 Heterogeneous confocal planar immunoassay
detection limit

A glass 96-well plate was coated with a saturating concentra-
tion of primary antibody overnight. After blocking and wash-

Journal of Biomedical Optics

064022-6

140 -

60 -

Signal to Noise Ratio

Y
o
L

»n
o
)

0 T T T T T T T d
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Step Size (pm)

Fig. 4 Variation in SNR as step size increases over a fixed z axis scan
range. Scans were done using a quantum dot reporter in this experi-
ment to enable repeated scans of the same location to be comparable.
All other data reported in this paper used FITC-labeled materials. The
line shown corresponds to a logarithmic fit to the measured data. SNR
improves as the step size decreases for a fixed scan range. This arises
from better sampling of the axial response and an increase in the
number of data points in the fit.

ing the wells, serial dilutions of human IgG over the range
from 0.5 pwg/mlto 0.5 ng/ml, and the same volume of
buffer with no human IgG as blank were added to the wells
and detected with a low concentration of secondary antibody
(0.5 ug/ml). Figure 6(a) shows the calibration curve plotted
as the difference between intensity of sample and the average
of blank signal (n=3) versus antigen concentration. The wells
were washed with PBS and scanned again to see the effect of
washing on responses. The dose response curve before wash-
ing the overlayer has a good linear range over the studied
range of human IgG concentrations (7>=0.9984). A compari-
son of average intensities of the low concentrations of antigen
and blanks (n=10) showed that 5 ng/ml (before washing)
and 10 ng/ml (after washing) of human IgG could be de-
tected with >98/ % confidence. The confidence level reported
is from a two-tailed test. Strictly speaking, a one-tailed test
can be used as the only relevant result is when the average
blank is less than the sample. We chose to report the confi-
dence level of the more conservative test. The calculated de-
tection limits were 5.5 (before washing) and 10.4 ng/ml (af-
ter washing). The protocol with fewer wash and incubation
steps was more sensitive, an effect we ascribe to some second
antibody being rinsed from the surface.

3.3 Homogeneous Confocally Detected Planar
Immunoassay

To demonstrate the adaptability of the confocally detected im-
munoassay to a homogenous format, the same model system
was adopted to remove all sample and detection wash steps. A
serial  dilution of antigen over a range from
0.5 ng/ml to 0.5 ng/ml was compared to blanks consisting
of PBS buffer with no human IgG. A low concentration of
second antibody (0.5 ug/ml) was added simultaneously with
the prepared antigen solution to the wells of a 96-well plate
coated with a saturating amount of primary antibody. The dy-
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Fig. 5 Optimization of the model assay system for wide dynamic
range: (a) response curve of the primary antibody with Langmuir fit
and (b) response curve of the secondary antibody.

namic range of the calibration curve is shown in Fig. 6(b).
The homogeneous format approached saturation around
0.5 pg/ml, a result consistent with the amount of second an-
tibody (0.5 ug/ml) and the ratio of antigen and antibody mo-
lecular weights (~ 1:1). The dynamic range of the calibration
curve was limited because the concentration of second anti-
body was intentionally kept low as this was found to improve
sensitivity. The assays were subsequently washed for com-
parison purposes to evaluate the effect of washing on the thin
film. The homogeneous assay detection limit was 2.2 ng/ml
in the absence of all wash steps. As observed in the heterog-
enous assay results, the detection limit increased to 6.0 ng/ml
after washing the overlayer. This reinforces the conclusion
that wash steps remove analytically important material from
the surface and the confocally detected homogeneous planer
assay showed better detection limits than the heterogeneous
one.

4 Discussion

We demonstrated a confocal readout method for detection of
sandwich immunoassays using a human IgG model system.
The response of the confocal system showed an antigen-
dependent intensity variation originating from a thin film on a
glass surface in the presence of an overlayer. We studied the
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Fig. 6 Calibration curves of low concentrations of antigen before (H)
and after (@) washing the fluorescent overlayer in (a) heterogeneous
and (b) homogeneous format assays. The intensity was obtained after
subtraction of the mean blank signal (n=10). Error bars correspond to
+s (n=3).

axial response of the thin films generated by our assay to
changes of NA and pinhole size and the results showed gen-
eral agreement with published data on thin films.”” These re-
sults are general to a wide range of planar format assay
systems,”*>> which could be readily adapted to become ho-
mogenous assays. These include planar arrays for the detec-
tion of genetic material and infectious diseases and many as-
says currently used in high-throughput screening. Further,
other optical sectioning methods, such as two- and three-
photon excitation and stimulated emission depletion (STED)
could be used to similar or better effect to the standard con-
focal methods used here. Also, using high-speed confocal mi-
croscopy systemsM’30 will improve the slow frame rate of
currently available confocal systems.

The consistent trend for improved detection limits ob-
served as the number of wash steps decreased across all of the
assay formats implies that weak antigen-dependent interac-
tions were removed by washing. A related trend was seen
when comparing the heterogeneous and homogeneous for-
mats. Perhaps uniquely, the homogeneous format reported
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here exhibited better sensitivity than any of the others. This is
due to a combination of preserving interactions between the
first antibody and the antigen, between the antigen and the
second antibody, and possibly some formation of aggregates
in solution between the antigen and the second antibodies
prior to binding to the plate. By deleting all washing steps, it
is possible to keep and detect even weak interactions between
antigen and antibodies and improving the detection limits.
Our 2.3-ng/ml detection limit for the human IgG immunoas-
say is competitive with others reported for this model system.
For example, such a model system detected using quantum
dots after removing the overlayer was”’ sensitive to 2 pg/ml.
Note that the conditions producing the greatest sensitivity dif-
fer greatly from those producing a quantitative response over
the widest dynamic range. Sensitivity is expected to be fun-
damentally limited by the Poisson statistics of photons gener-
ated by the overlayer. Therefore, sensitivity is enhanced at
lower concentrations of secondary antibody because it lowers
the noise generated by the overlayer. The widest dynamic
range is produced by levels of secondary antibody sufficient
to detect saturating levels of antigen. We anticipate future
improvements in the method by optimized instrumentation,
the introduction of quantum dots for better photostalbility,56
higher NA optics, and additional optimization of the reagent
and support surfaces.

A wide range of reports of confocal scanners for readout of
fluorescent spots in planar arrays and bead assay systems have
appeared in the literature. Despite numerous reports, we are
not aware of a paper in which instrumental details are pro-
vided for the confocal scanner sufficient to reproduce the ex-
periment together with a measured axial response from an
immunoassay. Miriglia et al.'' are exceptional in providing
the NA and other optical details of their experiment. More
common are reports of “proprietary” systems with few other
details.””® It is also of interest that, to our knowledge, none
of these previous studies required a confocal or optically sec-
tioned readout and the confocal readout was of arguable ben-
efit. This work is an attempt to provide a clear example where
the confocal readout is required and provides benefit (e.g., no
wash steps and preservation of weak interactions) together
with sufficient optical detail to determine how to best take
advantage of optical sectioning in assays.

Our approach to planar assays shares advantages with
other related homogenous and fluorescence-based assays and
presents several attractive features. First, compared to con-
ventional ELISAs, the planar homogenous assay could poten-
tially save time due to the reduction of wash steps and the
fluorescence readout does not require time for an enzyme re-
action to develop. Second, assays can be stored for several
days before readout.”® Third, the planar homogeneous assay
does not require beads or specialized reagents beyond those
commonly available in many laboratories and will not suffer
from bead motion during readout. Fourth, Due to the ability to
eliminate wash steps, the approach is quite attractive for as-
says based on weaker interactions; such interactions are of
very wide interest in high-throughput screening. High-
throughput screening instrumentation already exists for con-
focally detected cellular assays and could be adapted for other
types of screening and use in clinical labs. Fifth, since no
washing is required, antigen-antibody reactions can be moni-
tored in real time by measuring the intensity of the thin layer
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on the well bottom in the presence of free labeled antibody in
the overlayer at any time. Evaluation of the rate constants of
antigen—antibody pairs is possible under true assay conditions.
Similar studies have been done on microparticles,” but not in
planar formats. Studies on the kinetics of surface interactions
by our method are underway. Sixth, it enables assays to be
stacked in 3-D arrays followed optically sectioned readout.
Finally, although we implemented the planar format using
antibody-antigen interactions, the approach is general to a
wide range of assays that can be presented as a reaction be-
tween a surface-bound species and free ligands.

The optical system is designed to work in chamber slides
or multiwell plates presenting an optical glass surface with
standard refractive index (n=1.515) and thickness
(0.17 mm). This matches the design criteria for many micro-
scope objectives and minimizes the spherical aberration due
to refractive index mismatch. The use of different optical me-
dia could result in poor resolution and decreased intensity. For
example, when working with polystyrene (n=1.5917) or
polycarbonate (n=1.5849) plates, objectives with a correc-
tion collar for variable glass thickness (e.g., 0 to 2 mm) can
be used to correct the lack of correct refractive index match-
ing. The use of air objectives, as described here, simplifies
sample-changing automation in an inverted geometry by
eliminating immersion fluids.

The best separation between film and overlayer was
achieved with the highest NA. Further improvement is ex-
pected at a higher NA due to better resolution and consequen-
tial improvements in detection limits, and better sensitivity
are expected under these conditions. Practically, air lenses
with longer working distances may be preferable; however,
this choice is an engineering related compromise not a funda-
mental issue. Immersion objectives are somewhat awkward to
use in inverted geometries. Finally, for a given a fixed scan
range, SNR is improved by decreasing the step size.
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