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TOTAL INTERNAL REFLECTION 
FLUORESCENCE APPARATUS 

FIELD OF THE DISCLOSURE 

2 
profile. In FCS systems, these large sample volumes present 
a number of problems for researchers. 

One problem is that, because of the overly large FCS 
detection volumes, the sample volume tested will have a 

The present disclosure relates generally to fluorescence 
techniques and, more specifically, to fluorescence tech
niques employing evanescent fields created by total internal 
reflection. 

5 large number of contaminants. Thus, in measuring biologi
cal complexes such as membrane protein activities or recep
tor clusters, these large sample volumes will not only 
contain the molecules being measured but also large num
bers of contaminant molecules, which represent noise in 

BACKGROUND OF RELATED ART 
10 spectroscopy measurements. And in current FCS systems, 

this noise may be large enough to prevent accurate mea
surement of biological complexes below a certain dimen
sional size. For many years, researchers have used spectroscopy and 

microscopy techniques to identify biological materials 
within a sample. The techniques typically involve applying 15 

a light to a sample and then analyzing the fluorescence light 
emitted from that sample, where the emitted light may be 
compared to known characteristic spectra data to identify the 
biological material in the sample. Traditionally, researchers 
used these techniques to measure static values, such as the 20 

overall concentration of a biological material within a 
sample. 

More recently, as biological study has matured, research-

An example conventional FCS technique is that of the 
ConfoCor 2 system from Carl Zeiss, Inc. of Germany, which 
measures the concentration and the diffusion of fluorescent 
molecules using FCS. The FCS detection volume of the 
ConfoCor 2 system has reported dimensions over a micron 
in length (1.5 µm) along the Z axis, which means an FCS 
detection volume that is much larger than the typical size of 
a protein complex, which is about 100 nm. Such large 
volume systems are likely to be too noisy for accurate 
measurements of smaller-sized biological materials. 

ers have developed a need for moving beyond static mea
surements toward making real-time measurements of intra
cellular molecular events in living cells. That is, researchers 
have developed a need for real-time spectroscopy and 
microscopy techniques. For example, it has become increas
ingly important to develop non-invasive experimental 
approaches of monitoring molecular activities of biological 
complexes in living cells. With real-time measurements 
researchers could measure such molecular activities, which 
would help researchers examine sub-micron and nano-met-

TIR (total internal reflection) illumination combined with 
25 FCS presents a bleaching problem, as well. Bleaching is the 

destruction of a portion of a sample due to the high intensity 
of the light source illuminating the sample during spectros
copy. In conventional wide-field TIR the entire field of view 
is illuminated, which causes bleaching outside the region of 

30 detection. 

ric biological complexes. With nano-metrically sized bio-
35 

logical complexes ( e.g., clusters of receptors, protein-RNA, 
protein-DNA associations, RNA-RNA, DNA-DNA and 
cells), it is desirable to be able to monitor and characterize 
the associations and functions of isolated biological com
plexes, and preferably with visually representative data. This 

40 
desire to monitor associations and functions of isolated 
biological complexes is not only important in living cells, 
but is also important for in vitro experiments, such as protein 
binding assays and RNA or DNA microarrays, for example. 
Yet, despite the need for monitoring techniques capable of 

45 
resolving phenomena at molecular or intracellular levels, 
present spectroscopy and microscopy techniques are insuf
ficient. 

SUMMARY OF THE INVENTION 

In accordance with an example described herein, appara
tuses and techniques are described for providing more 
efficient FCS than that of conventional FCS techniques. 
Techniques are described for reducing the FCS detection 
volume, e.g., by decreasing the dimensions along a Z axis. 
The dimensions may be decreased below 1000 nm to 
approximately the size of a typical nano-cellular organelle, 
i.e., about 100 nm, or below. This decrease may be achieved, 
for example, by forming an annular illumination beam and 
focusing that beam into a substrate under a condition ofTIR. 
The TIR creates a confined evanescent field extending above 
the substrate thereby forming an affected region of a bio-
logical, chemical, pharmaceutical or other material disposed 
on the substrate over which fluorescence will occur. 

In an example, spatially ultra-resolved TIR imaging is Although introduced nearly thirty years ago, researchers 
have recently started using fluorescence correlation spec
troscopy (FCS) to resolve small-scale associations and func
tions in biological samples. The techniques are capable of 
fluorescence detection over small detection volumes, 
approximately the size of E. coli. Fluorescence correlation 
spectroscopy offers quantitative information by analyzing 
the spontaneously fluctuating fluorescence intensity 
obtained from diffusing fluorescent molecular complexes, 
thus, allowing for real-time measurements. 

50 used to illuminate small objects or fluorescent molecules in 
a nano-metric volume. In some examples, the detection 
volume may be characterized by a light spot radius of about 
200 nm (in an XY plane) or below and by a tunable 
penetration depth ranging from 50 nm to 1000 nm. The 

55 techniques may be combined with FCS in order to measure 
concentration and binding affinities of fluorescent molecules 
with a high spatial resolution. Similar applications are 
possible to characterize binding activities of fluorescent 

In implementation, however, these conventional FCS 
techniques use a wide-field evanescent wave to illuminate a 60 

sample. And although some success has been reported, these 
techniques are limited in the size of the sample being tested. 
By using wide-field evanescent waves, such as those created 
by total internal reflection from a transversely-propagating 
laser beam, overly large sample volumes are illuminated. 65 

These volumes result from the disperse intensity profile of 
wide-field evanescent waves, which exhibit a Gaussian 

molecules onto nano-organelles within individual live cells. 

In accordance with an example, provided is an illumina
tion apparatus comprising: a laser source for providing a 
reference laser beam; a diffractive optical element posi
tioned to receive the reference laser beam and convert the 
reference laser beam into an annular illumination beam; and 
an optical objective positioned to couple the annular illu
mination beam into an optical substrate to produce an 
evanescent wave above the optical substrate. 
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In accordance with another example, an apparatus is 
provided for exciting a material disposed on an optical 
substrate, the apparatus comprising: a laser source for pro
viding a reference laser beam; a optical element positioned 
to receive the reference laser beam and convert the reference 5 
laser beam into an annular illumination beam; and an optical 
objective having an axis substantially normal to an entrance 
face of the optical substrate, the optical objective positioned 
to focus the annular illumination beam into the optical 
substrate and to produce an evanescent wave having an 

10 
confocal region with a penetration depth into the material of 
1000 nm or less. 

In accordance with another example, provided is a 
method of exciting fluorescence in a material, the method 
comprising: coupling a reference laser beam into a diffrac
tive optical element to convert the reference laser beam into 15 

an annular illumination beam propagating along an axis; 
focusing the annular illumination beam onto an optical 
substrate via an optical objective aligned along the axis; 
forming an, evanescent field extending above the optical 
substrate, the evanescent field forming an affected region; 20 

and forming a confocal region in the affected region, the 
confocal region having a penetration depth extending into a 
sample of the material positioned at an exit face of the 
optical substrate. 

In accordance with another example, provided is a 25 
method of measuring a biological function of an affected 
region of a material disposed on an optical substrate, the 
method comprising: coupling a reference laser beam into a 
diffractive optical element; converting the reference laser 
beam into an annular illumination beam propagating along 

30 
an axis; focusing the annular illumination beam onto the 
optical substrate via an optical objective aligned along the 
axis; forming an evanescent field extending above the opti-
cal substrate, the evanescent field forming the affected 
region; forming a confocal region in the affected region, the 
confocal region having a penetration depth extending into 35 

the material; collecting fluorescence from the confocal 
region; and correlating the fluorescence collected from the 
confocal region with the biological function of the material. 

In accordance with another example, provided is a 
method of measuring a biological function of a material, the 40 

method comprising: forming an annular illumination beam 
propagating along an axis; focusing the annular illumination 
beam into an optical substrate; forming an evanescent wave 
extending above the optical substrate, the evanescent wave 
forming an affected region; forming a confocal region in the 45 

affected region and with a penetration depth into the material 
of 1000 nm or below; collecting fluorescence from the 
confocal region; and correlating the fluorescence from the 
confocal region with the biological function of the material. 

Although the techniques are described with respect to 
50 

example applications, the techniques are not limited thereto 
and may be used in other applications including high
resolution imaging, microarray assays, DNA mapping, in 
addition to spatio-time resolved spectroscopic techniques, 
such as FCS. Furthermore, by way of example not limita
tion, the illumination apparatus may be used in other appli- 55 

cations, such as lithography, data storage, or laser writing, 
where an affected region created by an evanescent wave may 
be used as a virtual tip, probe, or other sub-micron confined 
laser energy source. 

4 
FIG. 3 illustrates the annular illumination beam of FIG. 2 

as that beam is focused on an optical substrate under a total 
internal reflection condition to form an evanescent field. 

FIGS. 4A, 4B, and 4C illustrate an example phase mask 
of the diffractive optical component of FIG. 1 that may be 
used to create the annular illumination beam, an intensity 
profile of an annular illumination beam before being 
focused, and an intensity profile of an annular illumination 
beam after being focused, respectively. 

FIG. 5 illustrates an example evanescent field and con
focal region formed in a sample of a material. 

FIG. 6 illustrates autocorrelation curves for incident beam 
profiles of different dimensions. 

FIG. 7 illustrates a confocal region formed by an imaging 
apparatus according to an example and having free mol
ecules and bound molecules. 

FIG. 8 illustrates an apparatus like that of FIG. 1, but for 
use in imaging a material. 

DETAILED DESCRIPTION OF EXAMPLES 

An illumination apparatus 100 that may be used in 
fluorescence correlation spectroscopy is illustrated in FIG. 1. 
The apparatus 100 includes a laser source 102 that provides 
an input laser beam and a diffractive optical element (DOE) 
104 that may alter that input beam in a desired manner to 
produce an affected beam that may be focused into an 
optically transparent substrate 106. By way of example, the 
laser source 102 may be a sapphire laser producing a laser 
beam at a blue wavelength, e.g., 400 to 500 nm; although, 
the laser source is not limited to any particular wavelength 
range. Furthermore, the laser source 102 may be a dedicated 
laser, as shown, or the source 102 may be another source of 
laser energy, such as a laser amplifier, optical element or 
waveguide. The substrate 106 may be slide, container, 
microarray or other optical element. 

In the illustrated example, the laser source 102 produces 
a reference laser beam 108 that is coupled to a first tele
scoping optical element 110 to expand the reference beam 
108 before coupling to the DOE 104. For example, the beam 
width of beam 108 may be expanded to cover the entire 
DOE 104. In the illustrated example, the DOE 104 receives 
the reference laser beam 108 and converts the reference laser 
beam into an annular illumination beam 112. 

To create the annular illumination beam 112, in the 
illustrated example, the DOE 104 may be a dynamically 
changeable diffractive component, such as a computer
generated hologram. The DOE 104, for example, may 
present an adjustable hologram to the reference beam 108 
( either through transmission as shown or, in other examples, 
through a reflective DOE) to create a desired profile on the 
annular illumination beam 112. In some examples, the DOE 
104 is a liquid crystal component imprinted with a com
puter-generated hologram, such as a liquid crystal display. 
The DOE 104 may be any spatial light modulator (SLM), 
however, including those that have an electrically-address
able phase mask component capable of converting the 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates an illumination apparatus including a 
diffractive optical component capable of forming an annular 
illumination beam. 

60 reference beam 108 into the annular illumination beam 112, 
such as a computer-addressable liquid crystal display. 
Although the DOE 104 is described in a preferred example 
as being adjustable, the DOE 104 may alternatively be a 
fixed diffractive optical element. The DOE 104 may repre-

FIG. 2 illustrates an annular illumination beam created by 
the diffractive optical component of FIG. 1. 

65 sent other diffractive elements than those described and may 
include a combination of optical elements including one or 
more diffractive optical elements. 
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The DOE 104 is normal to an axis of propagation (A) of 
the reference beam 108, but other orientations are achiev
able. For example, light may be obliquely incident on the 
DOE 104. 

In the illustrated example, the DOE 104 is controlled by 
a computer 114 that sets the hologram or phase mask 
component of the DOE 104 to a desired pattern. The 
hologram or phase mask component, for example, may 
convert a Gaussian-profile reference beam into a second 
order Bessel-profile annular illumination beam as generally 
shown in FIG. 2. In the case of a liquid crystal,component 
as the DOE 104, the computer 114 may execute code to 
control pixels of the component to form the desired phase 
mask component. 

As described in further detail below, with the DOE 104 as 

6 
The annular illumination beam 112 may contain light that 

is confined to an annular or partially-annular region over 
which the light may be focused into an optical substrate 
under TIR. For example, the annular illumination beam 112 

5 may have a beam profile 200 (as shown in FIG. 2) that is a 
second order or higher Bessel profile. Only a primary first 
order ring 202 of the Bessel profile 200 is shown, but it will 
be known to persons of ordinary skill in the art that addi
tional, attenuated higher order rings (not shown) may also 

10 exist. These orders may be removed by iris or aperture. 
In the illustrated example, the first order ring 202 is 

bounded by an outer diameter 204 and an inner diameter 
206. The inner diameter 206 encloses a dark core 208 of the 
Bessel profile 200, which corresponds to the portion of the 

15 profile 200 which would otherwise contain light that would 
be refracted through the exit face 120 of the substrate 106, 
and not totally internally reflected. By using the DOE 104 to 
convert the reference beam 108 to a higher order Bessel 

an adjustable optical element, the DOE 104 may still be 
statically used. For example, the DOE 104 may be adjusted 
once to set a desired hologram or phase mask component for 
producing a single annular illumination beam. Alternatively, 20 

the DOE 104 may be continuously or variably adjustable, to 
controllably alter the annular illumination beam. 

profile beam, i.e., an order higher than 1, effectively remov
ing light from the region 208, no refraction of light will 
occur at the substrate 106. Instead, only an evanescent field 
will be formed. Furthermore, as described in further detail 
below, the shape of the Bessel profile ( e.g., the distance of 
the inner diameter 206 or outer diameter 204) may be 
adjusted to alter geometric properties of the evanescent field, 
such as how far the field extends above the substrate 106, 

To focus the annular illumination beam 112 into the 
substrate 106 under TIR and such that an evanescent field 25 
extends above the substrate 106, a high-numerical aperture 
optical objective 116 receives the beam 112, for example 
from an optional mirror 118, and focuses the beam 112 to a 
diffraction-limited spot in the substrate 106, for example, at 
an exit face 120 thereof. By focusing the annular illumina
tion beam 112 at sufficiently high angles of incidence onto 
the inner boundary of the exit face 120, the annular beam 
112 will experience total internal reflection and thereby 
produce an evanescent field 122 extending above the exit 
face 120. In various applications described below, a biologi
cal, chemical, pharmaceutical or other material (not shown) 
may be positioned on the substrate 106 and overlapping the 
evanescent field 122 to affect fluorescence in the material. 

To create sufficiently high angles of incidence, the optical 
objective may have a numerical aperture (NA) of approxi
mately 1.4 or higher, for example. In some examples, the NA 
may be bigger than the refraction index of the host material 
for a biological sample, e.g., higher than the host liquid 
which typically would have a refraction index of approxi
mately 1.33. The higher the NA the larger the angles of 
incidence of the annular beam 112 into the substrate 106. 

In some examples, when the annular beam 112 is circu
larly polarized, the beam 112 may be converted to a linear 
polarization, e.g., a TM polarization, using a polarizing 
element 123. The element 123 may represent a polarizer or 
polarizer in combination with a polarization rotator, for 
example. Polarization control is optional, however. 

i.e., a penetration depth. 
Turning to FIG. 3, the substrate 106 is shown where the 

annular illumination beam 112 has been focused by the 
30 optical objective 116 (partially cut away) to a diffraction 

limited spot at a glass/solution interface of exit face 120. The 
objective 116 shares the axis A', which is normal to the 
entrance face 124. Using the reference numbers of FIG. 2, 
the annular region 202 is focused into the substrate 106 such 

35 that the light over the annular region 202 is incident upon the 
exit face 120 (not shown) at Brewster's angle or larger 
incidence for TIR. Because the beam 112 is annular, the 
resultant evanescent wave 122 is confined to a diffraction 
limited spot 208 (e.g., radius-200 nm). As a result, the 

40 annular beam results in a more confined evanescent wave 
over that of conventional TIR techniques for which the 
entire field of view would be illuminated, and for which an 
evanescent field would cover a much larger region. 

It is noted that the annular illumination pattern of FIG. 2 
45 is provided by way of example. Other Bessel profiles, 

including other even order Bessel profiles. (N=2, 4, 6 ... 
n+2), and other annular profiles that can be focused to a 
diffraction limited spot for TIR may be used. Various Bessel 
profiles and corresponding phase masks for creating the 

50 same will be known to persons of ordinary skill in the art. 
An illumination apparatus is now described by way of 

example, not limitation. 

In the illustrated example, the objective 116 is aligned 
coaxially with a propagation axis (A') and normally to an 55 
entrance face 124 of the substrate 106. The evanescent field 

Example Illumination 

The initial radius of a reference beam produced by a 
Coherent Sapphire 488-20 laser from Coherent, Inc. of Santa 
Clara, Calif. was magnified using a telescope in order to 
entirely cover the active area of a computer controlled SLM 

extends principally, normal to the exit face 120. The beam 
112 may be incident along other angles of incidence, such as 
obliquely under total internal reflection, but that may pre
vent the formation of a diffraction limited spot. 60 as the DOE, an LC2002 LCD available from Holoeye 

Photonics AG of Berlin Adlershof, Germany. The adjustable 
SLM was connected to a computer via a video board, a 
Matrox G450 PCI-video board available from Matrox 

Persons of ordinary skill in the art will appreciate that the 
guiding optical elements (i.e., the telescoping and mirror 
elements) are provided by way of example and may be 
eliminated, replaced, or augmented with additional optical 
elements, such as lenses, mirrors, prisms, an axicon and 65 

apertures to affect a desired beam shape or beam path, as 
desired. 

Graphics Inc. of Quebec, Canada, to display a chosen phase 
mask profile. When the phase mask was illuminated with the 
laser beam, it produced a hologram shaped like a hollow 
tube of light deviated angularly from the zero-order beam. 
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For forming the phase mask, a scalar propagating field in 
a source free region z~0 representing a laser beam profile 
was given by: 

E(x, y, z ;a: 0, t) = exp[i(,Bz-wt)]L2H A(q,)exp[ia:(xcosq, + ysinq,)] di¢. (l) 

A hologram of radius R was characterized by the complex 
amplitude function t(p,cp)=A(cp) exp [i(2itp/p0 )], where p 
and cp were the cylindrical coordinates of the profile and 
where ~2 +a2=(w/c)2=k2

, k was the wave number and A(cp) 
was an arbitrary complex function of cp. When A( cp )=exp (i 
ncp ), equation (1) became a Bessel function of the first kind 
of order n. In that case, t (p,cp) became a phase function of 
the form t (p,cp)=exp [i 1.jJ(p,cp)] where: 

(2) 

8 
the material that is characterized by a Rayleigh range or 
depth of focus and a beam waist. This depth of focus may be 
thought of as the conjugate of the focal plane formed 
through a pinhole, meaning that fluorescent light collected 

5 over this range by the objective 116 would be focused onto 
a pinhole and any light coming from above or below this 
region would be filtered out. The size of the confocal region 
(or detection volume) may be defined by the objective 116 
and the size of the optical input to the photodetector 130, 

10 which may be a 200 µm core optical fiber. It is also noted 
that the term confocal region as used herein refers to at least 
a portion of the affected volume of material, i.e., the volume 
over which fluorescence occurs. The techniques described 

15 
herein may result in a reduction in this affected region from 
that of conventional systems, such that less sample fluo
resces during illumination. Further, the confocal region may 
also be reduced, over conventional systems, such that a 
smaller sample volume is measured. 

In order to construct an annular illumination beam 20 

deflected from the zero order, a phase mask component with 
the phase function given by the following formula was used: 

FIG. 5 illustrates the evanescent field 122 formed by 
focusing the annular illumination beam 112 through the high 
numerical aperture objective 116, which includes two focus
ing lenses 400a and 400b and an immersion buffer 401 or 
index matching region, in the illustrated example. The 

1jJ(p,<j>)~(ap+n<j>+2nvpcos <I>) mod[2n] (3) 

with a=(2Jt/p0 ) and v=sin y/A, y was the angle between the 
reference beam and the line normal to the surface of the 
adjustable SLM, wherein A was the wavelength of the 
reference laser beam and n was the order number, and 
wherein p and cp were cylindrical coordinates of the phase 
mask component. The typical parameters used were a=2.8, 
n=2 and v=0.25. A corresponding phase mask 300 that 
formed the annular illumination beam is shown in FIG. 4A. 
FIG. 4B illustrates an intensity profile 302 for the annular 
beam before focus, and FIG. 4C illustrates an intensity 
profile 304 after focus. 

25 evanescent field 122 (shown with an example profile) 
extends into a sample of material 402 positioned on the 
optical substrate 106. The material, which may be a bio
logical, chemical, pharmaceutical or other, may be attached 

30 
to the substrate 106 through known techniques, some of 
which are described further below. The focused beam 112 
forms an affected region 404 in the evanescent field 122, the 
affected region 404 being the region of the evanescent field 
122 over which material within the sample 402 may fluo-

35 resce. 

With the annular illumination beam formed from the 
phase mask, the annular illumination beam filled the back 
aperture of a high-numerical aperture objective (e.g., an 
Olympus Plan Apo TIRF x60 oil-immersion, high resolution 40 
1 .45 NA objective available from Olympus BioSystems of 
Planegg, Germany), which was used to generate the eva
nescent field illumination. The distance from the SLM to 
optical objective was around 3 meters, which was long 
enough to produce a well defined annular illumination beam. 45 
From the described implementation, it is recognized that 
higher orders of the Bessel beam could be eliminated with 
an iris so that only the first order ring fills the back aperture 
of the objective. 

Returning to FIG. 1, the illumination apparatus 100 may 50 

be used in various applications, including in an FCS system 
that includes the objective 116, a dichroic mirror 126, a 
focusing element 128, and a photodetector 130, in the 
illustrated example. In an FCS system for example, the 
photodetector 130 may be a single photon counting device, 55 

such as an avalanche photodiode device, that is fast enough 

A confocal region 406 measured by the objective 116 is 
generally represented by a volume bounded in an XY plane 
(i.e., into the drawing) by a beam waste diameter 408 and 
bounded in a Z direction by a height 410. In the illustrated 
example, the height 408 extends from a first beam waist 412 
to a second beam waist 414. The height 408 represents the 
penetration depth of the confocal region 404 into the sample 
402 and is less than that achievable with conventional FCS 
techniques. The penetration depth 410 may be approxi
mately 1000 nm or less and, in some specific examples, may 
be between 50 nm and 200 nm. In the example of nano
complex biological materials in the sample 402, the pen
etration depth may be on the scale of the biological material, 
i.e., 100 nm or below, for example. 

Furthermore, in some examples the penetration depth is 
tunable to different heights, for example, to achieve a desired 
signal to noise ratio. The tuning may be achieved by 
adjusting the parameters of the hologram or the phase mask 
component of the DOE to alter the inner diameter of the 
primary ring of the annular illumination beam, for example. 
In an FCS system, a computer may collect fluorescence data 
based on a first penetration depth and characterized by a first 
signal to noise ratio. The operator may then determine 

to resolve the diffusion times of the materials under exami
nation in real time. For example, the photodetector 130 may 
have a black current counting rate of approximately 25-500 
photon counts per second, and a signal count rate of between 
1,000 and 300,000 photons per second (i.e., 1 and 300 kHz). 
Although, persons of ordinary skill in the art will appreciate 
that higher or lower counts may be used. 

In an FCS system with a sample of material (biological, 
chemical, pharmaceutical, or otherwise) on the substrate 
106, an FCS detection volume is formed in the evanescent 
field 122. The FCS detection volume is a confocal region in 

60 whether this signal to noise ratio is acceptable and, if not, 
correspondingly adjust the penetration depth until an accept
able or desired signal to noise ratio is achieved. Thus, the 
present techniques may not only form a confocal region 406 
that has a smaller penetration depth than conventional 

65 systems, this penetration depth may be adjustable. 

An FCS implementation is now described by way of 
example, not limitation. 
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Example FCS Implementation 
10 

penetration-depth of the evanescent wave and R was the 
radius of the beam, and where D was the diffusion constant. 
Both illuminations, the annular illumination beam and the 
conventional beam profile, produced a diffraction limited 

The reference beam from the Coherent Sapphire 488 
mn-20 mW blue laser was focused onto a diffraction-limited 
spot in a bacterium sample using an illumination apparatus 
as described above. The green emitted fluorescence from the 
excited region of the bacterium sample was collected with a 
confocal detection system that included a photon counting 
module (e.g., a SPCM-AQR-16FC, a single photon counting 
module operating over a range of 400 mn to 1060 mn at 25 
black current counts per second, available from Perkin
Elmer of Wellesley, Mass.) that monitored photon events 
associated with the free diffusion of fluorescent particles in 
the detection volume. Fluorescent labeled latex beads ( e.g., 
G40 fluorescent polymer microspheres, available from Duke 
Scientifics Corp. or Palo Alto, Calif.) were used to charac
terize the effect of the annular illumination in FCS measure
ments. The collected green fluorescence was coupled into an 
optical fiber receptacle for the photon counter and was 
analyzed in real-time using a fast correlator coupled to the 
computer via a PC-expansion board ( e.g., an ALY 5000EPP 
fast correlator from AVP-Laser-Vertriebsgesellschaft mbH 
of Largen/Hessen Germany). With the fluorescence mea
sured, the temporal fluctuations of the fluorescence intensity 

5 spot with similar XY dimensions. It is noted that the XY 
dimension of the diffraction spot created by the annular 
illumination beam may be decreased even further, e.g., by a 
factor of 3, using a radial instead of a linear polarization, 
where such a modification would increase the XY resolution 

10 of the diffracted laser spot. Although the XY dimensions 
were similar, the penetration depth dimensions of the two 
were noticeably different. 

FIG. 6 plots autocorrelation curves obtained from free 
diffusing fluorescent beads (d=44 mn) for different annulus 

15 diameters. Curve 500 corresponds to an annular diameter of 
9.3 mm, curve 502 corresponds to a diameter of8.9 mm, and 
curve 504 corresponds to a diameter of 8.7 mm. These 
curves 500, 502, and 504 represent annular beams focused 
for TIR. The corresponding thin line shown for each curve 

20 is a fit curve obtained from equation (2). 1:
2
=(z2/4D) and N 

were the fit parameters (D was the diffusion constant, z the 
penetration depth). -cxy was fixed at 2.4 ms. The penetration 
depth varied from 150 mn to 300 mn. The curve 506 shows 

of the fast correlator were characterized using a linear 
multi-channel counting board (i.e., the MCS32 PCI-based 25 

counting board, from Ortec Corporation of Oak Ridge, 
Tenn.) or an ALV5000 fast correlator (from AVP-Laser
Vertriebsgesellschaft mbH). The associated autocorrelation 
function was calculated to determine biological function that 
affected diffusion time and/or concentration. 30 

The temporal variations detected at the fast correlator 
arose from the fluorescent molecules diffusing in and out the 
confocal region, i.e., in and out of the FCS detection volume, 
including along the Z axis. The fewer the diffusing mol
ecules, the larger the fluctuations would be about the mean 

35 
fluorescence signal. Because, the example technique relied 
upon fluctuations and not on the absolute value of the 
fluorescence signal, the measure of concentrations and dif
fusion constants was self-calibrating. 

A mathematical analysis of these fluctuations was 
achieved to determine biological functions, such as the 40 

binding affinity between biological materials within the 
bacterium sample and the ratio of bound molecules in the 
bacterium sample to free molecules. The amplitude of the 
autocorrelation function at the intercept with the vertical 
axis was determined to be inversely equal to the number of 45 

molecules (N) in the detection volume. The autocorrelation 
functions associated with the conventional Gaussian laser 
illumination were given by: 

G(r)=(~)[1-1 tl 
(1 +-;: 

(4) 50 

a typical behavior of a classical FCS measurement. 
From the decay times of the profiles of curves 502-504, it 

was apparent that the diffusion time had decreased by a 
factor of ten. The smaller decay time demonstrated that a 
smaller confocal volume was excited, which meant the FCS 
could be measured with a better signal to noise ratio. 

As a result of the improved diffusion time results and 
better resolution, we found that the penetration depth asso
ciated with the annular illumination beam was about 150 mn 
and the FCS detection volume approximately ten times 
smaller than that of conventional FCS, in this example. It is 
noted that the penetration depth is directly related to the 
angle of illumination and the differences in indexes of the 
two media. This penetration depth is given by the formula: 

" 2 . 2 2 -1;2 d= -[n1sm (0)-n2] 
4,r 

(6) 

with n1 being the refractive index of the optical glass 
substrate (e.g., n1 =1.51), n2 being the refraction index of the 
solution (e.g., usually aqueous solutionn2=1.33) and 8 being 
the angle of incidence of the illumination beam. We esti
mated 8=63.4° using the measured penetration depth (150 
mn) and the equation (6). Under these conditions (with the 
objective lens having a NA=l .45), the critical angle was 
61.7° and the maximal incidence angle was 73.7°. 

As noted above, it is possible to affect the penetration 
depth by adjusting several specific parameters. The param
eter p0 of the phase mask equations (2) and (3) above 

where N was the number of molecules in the confocal 
volume and -c was the diffusion time associated with the free 
diffusing fluorescent molecules. In order to characterize the 
autocorrelation function G(-c) associated with the present 
total internal reflection FCS technique, the following model 
was used: 

55 controls the size of the dark core of the Bessel profile beam. 

(5) 

with 1:
2
=z2/4D, -cxy was the lateral diffusion time and N the 

number of beads in the excitation volume N=1tR2z Cbeads' 

where Cbeads was the beam concentration, where z was the 

As the value of p0 increases, the size of the dark core of the 
annular illumination beam increases as well, which effect ( or 
the converse thereof) may be used to tune the penetration 
depth of the confocal region. It is also noted that as the 

60 distance of propagation is lengthened, the magnitude of laser 
power in the annular illumination beam of the diffraction 
pattern increases. Thus, as the beam travels farther from the 
DOE, the annular illumination becomes sharper. 

FIG. 7 illustrates an example confocal region 600 having 
65 a diameter width 602 and a penetration depth 604 extending 

above the substrate 606. The confocal region 600 overlaps a 
portion 608 of a sample material 610 that has free molecules 
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612 and bound molecules 614. The FCS techniques 
described above may measure biological function of the 
bound molecules 614 over the confocal region 600, such as 
binding affinity or the ratio of bound/free molecules. 

In the example of a biological material as the sample 610, 
the biological material may be any material from which 
fluorescence is to be detected. The biological material may 

12 
elements may be organized in an ordered fashion so that 
each element is present at a distinguishable, and preferably 
specified, location on the substrate. In the some examples, 
because the array elements are at specified locations on the 

5 substrate, the hybridization patterns and intensities (which 
together create a unique expression profile) can be inter
preted in terms of expression levels of particular genes and 
can be correlated with a particular disease or condition or 
treatment. 

be a lipid, a small molecule, a protein, an antibody, a 
receptor and the like. Alternatively, the biological material 
may be a whole cell, such as a bacterial cell, plant cell, 10 

animal cell, virus or the like. In yet other alternatives, the 
biological material may be an organelle from a cell. The 
biological material may be disposed on a solid substrate 
such as for example a glass surface, a test tube, and the like. 
The material may be a protein, a nucleic acid, a synthetic 
small molecule organic compound, a lipid, an antibody and 
the like. Proteins may include receptors, protein ligands for 
such receptors, antibodies, and the like. For example, an 
antibody region may be immunologically reactive with a 
non-protein binding partner such as a lipid or other organic 
compound. Preferably, the biological material is disposed on 

The composition comprising a plurality of polynucleotide 
array elements can also be used to purify a subpopulation of 
mRNAs, cDNAs, genomic fragments and the like, in a 
sample. Polypeptide array elements may likewise be used to 
asses the presence of biding partners of those polypeptides 

15 in a given sample. Typically, samples being tested will 
include target polynucleotides or binding partners of 
polypeptides of interest and other components which may 
interfere with the detection background; therefore, it may be 
advantageous to remove these polynucleotides or polypep-

20 tides from the sample. One method for removing the addi
tional nucleic acids is by hybridizing the sample containing 
target polynucleotides with immobilized polynucleotide 
probes under hybridizing conditions. Those nucleic acids 
that do not hybridize to the polynucleotide probes are 

a surface in an organizational fashion that allows the detec
tion and determination of identity of the specific biological 
material at a given location on the solid surface. Either the 
protein or its binding partner is displayed on the solid 
support. 

The biological materials may be bound to a solid substrate 
in a microarray format. Microarray chips are well known to 
those of skill in the art (see, e.g., U.S. Pat. Nos. 6,308,170; 
6,183,698; 6,306,643; 6,297,018; 6,287,850; 6,291,183, 
each incorporated herein by reference). These are exemplary 
patents that disclose nucleic acid microarrays and those of 
skill in the art are aware of numerous other methods and 
compositions for producing microarrays comprising nucleic 
acids or proteins. 

DNA- and RNA-based microarrays provide a simple way 
to explore the expression of gene expression in a sample for 
diagnostic purposes, and for screening of novel sequences. 
Microarray chips are well known to those of skill in the art 
(see, e.g., U.S. Pat. Nos. 6,308,170; 6,183,698; 6,306,643; 
6,297,018; 6,287,850; 6,291,183, each incorporated herein 
by reference). These are exemplary patents that disclose 
nucleic acid microarrays and those of skill in the art are 
aware of numerous other methods and compositions for 
producing microarrays which may be used in conjunction 
with the fluorescence, detection techniques described herein. 

In terms of nucleic acid microarrays, the term "microar
ray" refers to an ordered arrangement of hybridizable array 
elements. In terms of protein microarrays, the term 
"microarray" refers to an ordered arrangement of peptides 
(e.g., ligands; receptors; antibodies and the like) as array 
elements. The array elements are arranged so that there are 
preferably at least two or more different array elements, 
more preferably at least 100 array elements, and most 
preferably at least 1,000 array elements, on a 1 cm2 substrate 
surface. The fluorescence signal from each of the array 
elements is preferably individually distinguishable. 

The microarray can be used for large scale genetic or gene 
expression analysis of a large number of target array ele
ments. The microarray can also be used in the diagnosis of 
diseases and in the monitoring of treatments. Further, the 
microarray can be employed to investigate an individual's 
predisposition to a disease. Furthermore, the microarray can 
be employed to investigate cellular responses to infection, 
drug treatment, and the like. 

When the composition of the biological material is 
employed as array elements in a microarray, the array 

25 removed and may be subjected to analysis or discarded. At 
a later point, the immobilized target polynucleotide probes 
can be released in the form of purified target polynucle
otides. 

The nucleic acid probes may be genomic DNA or cDNA 
30 or mRNA, or any RNA-like or DNA-like material, such as 

peptide nucleic acids, branched DNAs, and the like. The 
probes may be sense or antisense polynucleotide probes. 
Where target polynucleotides are double stranded, the 
probes may be either sense or antisense strands. Where the 

35 target polynucleotides are single stranded, the probes are 
complementary single strands. 

In some examples, the probes are cDNAs. The size of the 
DNA sequence of interest may vary and is preferably from 
100 to 10,000 nucleotides, more preferably from 150 to 

40 3,500 nucleotides. 
The probes can be prepared by a variety of synthetic or 

enzymatic schemes, which are well known in the art. The 
probes may be synthesized, in whole or in part, using 
chemical methods well known in the art (Caruthers et al., 

45 Nucleic Acids Res., Symp. Ser., 215-233, 1980). Alterna
tively, the probes can be generated, in whole or in part, 
enzymatically. 

Nucleotide analog can be incorporated into the probes by 
methods well known in the art. The only requirement is that 

50 the incorporated nucleotide analog must serve to base pair 
with target polynucleotide sequences. For example, certain 
guanine nucleotides may be substituted with hypoxanthine, 
which base pairs with cytosine residues. However, these 
base pairs are less stable than those between guanine and 

55 cytosine. Alternatively, adenine nucleotides can be substi
tuted with 2,6-diaminopurine, which can form stronger base 
pairs than those between adenine and thymidine. 

Additionally, the probes may include nucleotides that 
have been derivatized chemically or enzymatically. Typical 

60 chemical modifications include derivatization with acyl, 
alkyl, aryl or amino groups. 

The polynucleotide probes can be immobilized on a 
substrate. Preferred substrates are any suitable rigid or 
semi-rigid support including membranes, filters, chips, 

65 slides, wafers, fibers, magnetic or nonmagnetic beads, gels, 
tubing, plates, polymers, microparticles and capillaries. The 
substrate can have a variety of surface forms, such as wells, 
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trenches, pins, channels and pores, to which the polynucle
otide probes are bound. Preferably, the substrates are opti
cally transparent. 

Complementary DNA (cDNA) can be arranged and then 
immobilized on a substrate. The probes can be immobilized 5 

by covalent means such as by chemical bonding procedures 
or UV exposure. In one such method, a cDNA is bound to 
a glass surface which has been modified to contain epoxide 
or aldehyde groups. In another case, a cDNA probe is placed 
on a polylysine coated surface and then UV cross-linked 10 

(Shalon et al., PCT publication WO95/35505, herein incor
porated by reference). In yet another method, a DNA is 
actively transported from a solution to a given position on a 
substrate by electrical means (Heller et al., U.S. Pat. No. 
5,605,662). Alternatively, individual DNA clones can be 15 

gridded on a filter. Cells are lysed, proteins and cellular 
components degraded, and the DNA coupled to the filter by 
UV cross-linking. 

Furthermore, the probes do not have to be directly bound 
to the substrate, but rather can be bound to the substrate 20 

through a linker group. The linker groups are typically about 
6 to 50 atoms long to provide exposure to the attached probe. 
Preferred linker groups include ethylene glycol oligomers, 
diamines, diacids and the like. Reactive groups on the 
substrate surface react with one of the terminal portions of 25 

the linker to bind the linker to the substrate. The other 
terminal portion of the linker is then functionalized for 
binding the probe. 

14 
DNA contained within the desired phage then can be used to 
produce more of the selected antibody for use in research or 
medical diagnostics. 

The techniques described herein may be used in fluores
cence correlation spectroscopy systems that analyze these or 
other materials. 

Separately, the techniques may be used in other applica-
tions, such as in imagining systems ( e.g., scanning micros
copy systems) where fluorescence may be used to image a 
biological, chemical, pharmaceutical or other material. FIG. 
8 illustrates an example imaging apparatus 700 having an 
illumination portion similar to that of apparatus 100, and 
thus bearing like reference numerals. However, in addition 
to the photon counter 130 the apparatus 700 includes an XY 
translation stage 702 (generally shown) coupled to the 
computer 114 for controlling the position of the substrate 
106', in particular the position of the evanescent field 122 in 
a sample disposed on the substrate 106'. For example, under 
synchronized control of the computer 114, the translation 
stage may adjust the position of the substrate 106' in an XY 
plane thereby adjusting the region of the sample measured 
by the confocal region. The computer 114 can scan the 
substrate 106' such that a full two dimension area of the 
sample is scanned, and, under control of the photo counter 
130, the apparatus 700 may count fluorescence photons over 
this scanned area. This fluorescence data may be provided to 
the computer 114 which may then perform counting analysis 
and signal processing on the data to develop an image of the 
sample on the substrate 106' for display on a video monitor. 

Although certain apparatus constructed in accordance 
with the teachings of the invention have been described 
herein, the scope of coverage of this patent is not limited 
thereto. On the contrary, this patent covers all embodiments 
of the teachings of the invention fairly falling within the 

The probes can be attached to a substrate by dispensing 
reagents for probe synthesis on the substrate surface or by 30 

dispensing preformed DNA fragments or clones on the 
substrate surface. Typical dispensers include a micropipette 
delivering solution to the substrate with a robotic system to 
control the position of the micropipette with respect to the 
substrate. There can be a multiplicity of dispensers so that 
reagents can be delivered to the reaction regions simulta
neously. 

35 scope of the appended claims either literally or under the 
doctrine of equivalence. 

In these examples, the substrate may be positioned in the 
evanescent field extending above the substrate within which 
TIR occurs from focusing of the annular illumination beam 40 

or alternatively such total internal reflection may occur 
within the substrate upon which the material is bound. 

What we claim is: 
1. An illumination apparatus comprising: 
a laser source for providing a reference laser beam; 
a diffractive optical element positioned to receive the 

reference laser beam and convert the reference laser 
beam into an annular illumination beam; and 

an optical objective positioned to couple the annular 
illumination beam into an optical substrate to produce 
an evanescent wave above the optical substrate. 

2. The illumination apparatus of claim 1, wherein the 
diffractive optical element comprises a dynamically change
able diffractive component. 

3. The illumination apparatus of claim 2, wherein the 
dynamically changeable diffractive component comprises a 
computer-generated hologram. 

4. The illumination apparatus of claim 3, further com
prising a liquid crystal component imprinted with the com
puter-generated hologram. 

5. The illumination apparatus of claim 1, wherein the 
diffractive optical element is an adjustable spatial light 
modulator having an electrically-addressable phase mask 
component. 

In addition to microarrays, the present detection tech
niques also may be used in the analysis of phage display 
libraries. Phage display uses bacteria and bacterial viruses 45 

known as phage to produce and select synthetic antibodies 
that have all the target-recognition qualities of natural anti
bodies. Often, these synthetic antibodies are produced using 
the same genes that code for the target-recognition or 
variable region in natural antibodies from mammalian sys- 50 

terns. The phage are genetically engineered so that a par
ticular antibody is fused to a protein on the phage's coat and 
the gene encoding the displayed antibody is contained inside 
the phage particle. This technology thus couples the dis
played antibody's phenotype to its genotype, allowing the 55 

DNA that codes for the selected antibody to be retrieved 
easily for future use. Collections of these antibody-covered 
phage are called a library. Phage libraries each typically 
contain a billion different antibodies, a number comparable 6. The illumination apparatus of claim 5, further com-

60 prising a controller coupled to the electrically-addressable 
spatial light modulator to adjust the phase mask component. 

7. The illumination apparatus of claim 6, wherein the 
controller comprises a microcomputer. 

to that in human immune systems. 
To select the phage with the desired antibody from a 

library, the phage are allowed to bind to the target molecule, 
which is attached to a solid surface. The phage with anti
bodies that recognize the target molecule bind tightly, and 
the remaining (unbinding) phage are simply washed away. 65 

(Phage display even permits researchers to select antibodies 
with different binding characteristics for a given target.) The 

8. The illumination apparatus of claim 5, wherein the 
phase mask component has a phase function given by: 

1jJ(p,<j>)~(ap+n<j>+2nup cos <I>) mod[n] 
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wherein a=(2it/p0 ) and u=sin y/A, wherein y is the angle 
between the reference laser beam and a line normal to 
a surface of the adjustable spatial light modulator, 
wherein A is the wavelength of the reference laser beam 
and n is the order number, and wherein p and cp are 5 

cylindrical coordinates of the phase mask component. 
9. The illumination apparatus of claim 8, wherein a is 2.8, 

n is 2 and u is 0.25. 

16 
and n is the order number, and wherein p and cp are 
cylindrical coordinates of the phase mask component. 

25. The apparatus of claim 24, wherein a is 2.8, n is 2 and 
u is 0.25. 

26. The apparatus of claim 19, wherein the optical objec
tive has a numerical aperture of at least 1 .4. 

27. The apparatus of claim 19, wherein the penetration 
depth is between 50 nm and 200 nm. 

28. The apparatus of claim 19, wherein the annular 10. The illumination apparatus of claim 1, where the 
annular illumination beam has a Bessel profile having an 
order number that is at least two, and wherein the annular 
illumination beam has a primary annular ring with an outer 
diameter and an inner diameter. 

10 illumination beam has a Bessel profile having an order 
number that is at least two, and wherein the annular illumi
nation beam has a primary annular ring with an outer 
diameter and an inner diameter. 

11. The illumination apparatus of claim 10, wherein the 
order number is an even number. 

29. A method of exciting fluorescence in a material, the 
15 method comprising: 

12. The illumination apparatus of claim 1, wherein the 
optical objective has a numerical aperture of at least 1.4. 

13. The illumination apparatus of claim 1, wherein the 
optical objective is positioned relative to the optical sub
strate to form an confocal region extending above the optical 20 

substrate and having a penetration depth of 1000 nm or 
below. 

14. The illumination apparatus of claim 13, wherein the 
penetration depth is between 50 nm and 200 nm. 

15. The illumination apparatus of claim 1, further com- 25 

prising a photodetector positioned to detect fluorescence 
from a material. 

coupling a reference laser beam into a diffractive optical 
element to convert the reference laser beam into an 
annular illumination beam propagating along an axis; 

focusing the annular illumination beam onto an optical 
substrate via an optical objective aligned along the axis; 

forming an evanescent field extending above the optical 
substrate, the evanescent field forming an affected 
region; and 

forming a confocal region in the affected region, the 
confocal region having a penetration depth extending 
into a sample of the material positioned at an exit face 
of the optical substrate. 

16. The illumination apparatus of claim 15, wherein the 
photodetector is an avalanche photodiode apparatus. 

17. The illumination apparatus of claim 15, further com
prising a computer coupled to the photodetector for deter
mining a fluorescence spectroscopy for the material. 

30. The method of claim 29, further comprising coupling 
the reference laser beam into a dynamically changeable 

30 diffractive optical component. 
31. The method of claim 30, wherein the dynamically 

changeable diffractive optical component comprises a com
puter-generated hologram. 18. The illumination apparatus of claim 17, further com

prising a computer coupled to the photodetector for deter
mining an image of the material. 

19. For exciting a material disposed on an optical sub
strate, an apparatus comprising: 

32. The method of claim 31, wherein the dynamically 
35 changeable diffractive optical component comprises a liquid 

crystal component imprinted with the computer-generated 
hologram. 

a laser source for providing a reference laser beam; 
a optical element positioned to receive the reference laser 

beam and convert the reference laser beam into an 
annular illumination beam; and 

33. The method of claim 32, further comprising coupling 
the reference laser beam into an adjustable spatial light 

40 modulator having an electrically-addressable phase mask 

an optical objective having an axis substantially normal to 
an entrance face of the optical substrate, the optical 
objective positioned to focus the annular illumination 
beam into the optical substrate and to produce an 45 

evanescent wave having a confocal region with a 
penetration depth into the material of 1000 nm or less. 

20. The apparatus of claim 19, wherein the optical ele
ment comprises a dynamically changeable diffractive optical 
component. 

21. The apparatus of claim 20, wherein the dynamically 
changeable diffractive optical component comprises a com
puter-generated hologram. 

50 

22. The apparatus of claim 21, further comprising a liquid 
crystal component imprinted with the computer-generated 55 

hologram. 

component. 
34. The method of claim 33, wherein the adjustable spatial 

light modulator is a computer-addressable spatial light 
modulator, the method further comprising: 

coupling a computer to the computer-addressable spatial 
light modulator; and 

executing instructions on the computer to set the phase 
mask component of the computer-addressable spatial 
light modulator. 

35. The method of claim 29, wherein the annular illumi-
nation beam has a Bessel profile having an order number that 
is at least two, and wherein the annular illumination beam 
has a primary annular ring with an outer diameter and an 
inner diameter. 

36. The method of claim 35, further comprising varying 
the inner diameter of the annular illumination beam to tune 
the penetration depth of the confocal region. 23. The apparatus of claim 19, wherein the optical ele

ment is an adjustable spatial light modulator having an 
electrically-addressable phase mask component. 

24. The apparatus of claim 23, wherein the phase mask 
component has a phase function given by: 

37. The method of claim 36, further comprising tuning the 
penetration depth between approximately 50 nm to approxi-

60 mately 200 nm. 

1jJ(p,<j>)~(ap+n<j>+2nup cos <I>) mod[2n] 

wherein a=(2it/p 0 ) and u=sin y/A, wherein y is the angle 
between the reference laser beam and a line normal to 65 

a surface of the adjustable spatial light modulator, 
wherein A is the wavelength of the reference laser beam 

38. The method of claim 29, wherein the optical objective 
has a numerical aperture of at least 1.4. 

39. The method of claim 29, further comprising polarizing 
the annular illumination beam to have a TM polarization. 

40. A method of measuring a biological function of an 
affected region of a material disposed on an optical sub
strate, the method comprising: 
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coupling a reference laser beam into a diffractive optical 
element; 

converting the reference laser beam into an annular illu
mination beam propagating along an axis; 

focusing the annular illumination beam onto the optical 5 
substrate via an optical objective aligned along the axis; 

forming an evanescent field extending above the optical 
substrate, the evanescent field forming the affected 
region; 

forming a confocal region in the affected region, the 
10 

confocal region having a penetration depth extending 
into the material; 

collecting fluorescence from the confocal region; and 
correlating the fluorescence collected from the confocal 

region with the biological function of the material and 
providing an output representative of the correlation, 15 

thereby measuring the biological function of the mate
rial. 

41. The method of claim 40, further comprising coupling 
the reference laser beam into a dynamically changeable 
diffractive optical component. 

42. The method of claim 41, wherein the dynamically 
changeable diffractive optical component comprises a com
puter-generated hologram. 

20 

43. The method of claim 42, wherein the dynamically 
changeable diffractive optical component comprises a liquid 25 
crystal component imprinted with the computer-generated 
hologram. 

18 
57. The method of claim 51, wherein the microarray is an 

antibody microarray. 
58. The method of claim 50, wherein the bound molecules 

are provided as a phage display library. 
59. A method of measuring a biological function of a 

material, the method comprising: 
forming an annular illumination beam propagating along 

an axis; 
focusing the annular illumination beam into an optical 

substrate; 
forming an evanescent wave extending above the optical 

substrate, the evanescent wave forming an affected 
region; 

forming a confocal region in the affected region and with 
a penetration depth into the material of 1000 nm or 
below; 

collecting fluorescence from the confocal region; and 
correlating the fluorescence from the confocal region with 

the biological function of the material and providing an 
output representative of the correlation, thereby mea
suring the biological function of the material. 

60. The method of claim 59, wherein forming the annular 
illumination beam comprises coupling a reference laser 
beam into a dynamically changeable diffractive optical 
component. 

61. The method of claim 60, wherein the dynamically 
changeable diffractive optical component comprises a com
puter-generated hologram. 44. The method of claim 40, further comprising coupling 

the reference laser beam into an adjustable spatial light 
modulator having an electrically-addressable phase mask 
component. 

45. The method of claim 40, wherein the annular illumi
nation beam has a Bessel profile beam having an order 
number that is at least two, and wherein the annular illumi
nation beam has a primary annular ring with an outer 
diameter and an inner diameter. 

62. The method of claim 61, wherein the dynamically 
changeable diffractive optical component comprises a liquid 

30 crystal component imprinted with the computer-generated 
hologram. 

46. The method of claim 45, further comprising varying 
the inner diameter of the annular illumination beam to tune 
the penetration depth of the evanescent wave. 

63. The method of claim 59, wherein forming the annular 
illumination beam comprises coupling a reference laser 
beam into an adjustable spatial light modulator having an 

35 electrically-addressable phase mask component. 
64. The method of claim 59, further comprising tuning the 

annular illumination beam to tune the penetration depth of 
the evanescent wave to a value between 200 nm and 50 nm. 

47. The method of claim 46, further comprising tuning the 
penetration depth between approximately 50 nm and 40 

approximately 200 nm. 

65. The method of claim 59, wherein the material com-
prises a base molecular component and a binding partner 
component, wherein the biological function is a binding 
affinity of the base molecular component to the binding 
partner component. 

48. The method of claim 40, wherein the material com
prises a base molecular component and a binding partner 
component, wherein the biological function is a binding 
affinity of the base molecular component to the binding 45 
partner component. 

66. The method of claim 65, wherein the biological 
function changes a 
component. 

diffusion time of the base molecular 

49. The method of claim 48, wherein the biological 
function changes a 
component. 

diffusion time of the base molecular 

50. The method of claim 40, wherein the material com
prises bound molecules and free molecules, and wherein the 
correlating comprises obtaining a ratio of bound molecules 
to free molecules within the material. 

51. The method of claim 50, wherein the bound molecules 
are presented as a microarray. 

67. The method of claim 59, wherein the material com
prises bound molecules and free molecules, and wherein the 
correlating comprises obtaining a ratio of bound molecules 

50 
to free molecules within the material. 

68. The method of claim 67, wherein the bound molecules 
are presented as a microarray. 

69. The method of claim 68, wherein the microarray is a 
nucleic acid microarray. 

52. The method of claim 51, wherein the microarray is a 55 

nucleic acid microarray. 

70. The method of claim 69, wherein the nucleic acid 
microarray is selected from the group consisting of an RNA 
microarray and a DNA microarray. 53. The method of claim 52, wherein the nucleic acid 

microarray is selected from the group consisting of an RNA 
microarray and a DNA microarray. 

54. The method of claim 51, wherein the microarray is a 
peptide micro array. 

55. The method of claim 54, wherein the microarray 
comprises an array of receptors and wherein the free mol
ecules are ligands for the receptors. 

56. The method of claim 54, wherein the microarray 
comprises an array of ligands and wherein the free mol
ecules are receptors for the ligands. 

71. The method of claim 68, wherein the microarray is a 
peptide microarray. 

60 
72. The method of claim 71, wherein the microarray 

comprises an array of receptors and wherein the free mol
ecules are ligands for the receptors. 

73. The method of claim 71, wherein the microarray 
comprises an array of ligands and wherein the free mol-

65 ecules are receptors for the ligands. 

* * * * * 
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