woO 2007/062039 A2 |10 0 00 0 0 O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date
31 May 2007 (31.05.2007)

lﬂfb A 0 0

(10) International Publication Number

WO 2007/062039 A2

(51) International Patent Classification:
GO2B 21/00 (2006.01) GOIN 21/64 (2006.01)

(21) International Application Number:
PCT/US2006/045058

(22) International Filing Date:
21 November 2006 (21.11.2006)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:

11/286,309 23 November 2005 (23.11.2005) US
(71) Applicant (for all designated States except US): ILLU-
MINA, INC. [US/US]; 9885 TOWNE CENTRE DRIVE,

San Diego, CA 92121 (US).

(72) Inventors; and

(75) Inventors/Applicants (for US only): FENG, Wenyi

(74)

(81)

[US/US]; 7560 CHARMANT DRIVE, #1534, San Diego,
CA 92122 (US). KOTSEROGLOU, Theofilos [US/US];
540 RINGWOOD AVENUE, Menlo Park, CA 94025
(US). WANG, Mark [US/US]; 4115 PORTE DE MER-
ANO, #132, San Diego, CA 92122 (US). TRIENER,
Alexander [US/US]; 12637 EL CAMINO REAL, #5309,
San Diego, CA 92130 (US). CHE, Diping [US/US];
4251 KERWOOD COURT, San Diego, CA 92130 (US).
KAIN, Robert [US/US]; 6520 MESA NORTE DRIVE,
San Diego, CA 92130 (US).

Agent: YODER, Patrick, S.; FLETCHER YODER, P.O.
BOX 692289, Houston, TX 77269-2289 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI,
GB, GD, GE, GH, GM, GT, HN, HR, HU, ID, IL, IN, IS,
JP, KE, KG, KM, KN, KP, KR, KZ, LA, LC, LK, LR, LS,
LT, LU, LV, LY, MA, MD, MG, MK, MN, MW, MX, MY,
MZ, NA, NG, NI, NO, NZ, OM, PG, PH, PL, PT, RO, RS,

[Continued on next page]

(54) Title: CONFOCAL IMAGING METHODS AND APPARATUS

(57) Abstract: The invention provides imag-
ing apparatus and methods useful for obtain-
ing a high resolution image of a sample at rapid
scan rates. A rectangular detector array hav-
ing a horizontal dimension that is longer than
the vertical dimension can be used along with
imaging optics positioned to direct a rectangu-
lar image of a portion of a sample to the rect-
angular detector array. A scanning device can
be configured to scan the sample in a scan-axis
dimension, wherein the vertical dimension for
the rectangular detector array and the shorter of
the two rectangular dimensions for the image
are in the scan-axis dimension, and wherein the
vertical dimension for the rectangular detector
array is short enough to achieve confocality in
a single axis.



WO 2007/062039 A2 |00 0T 0000 0 00 0 O

RU, SC, SD, SE, SG, SK, SL, SM, SV, SY, TJ, TM, TN, RO, SE, S, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW. GN, GQ, GW, ML, MR, NE, SN, TD, TG).
(84) Designated States (unless otherwise indicated, for every Elbhvsvl;;?c:ut international search report and to be republished
kind of regional protection available): ARIPO (BW, GH, . P P
upon receipt of that report

GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
7ZW), Burasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),  For two-letter codes and other abbreviations, refer to the "Guid-
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI, ance Notes on Codes and Abbreviations" appearing at the begin-

FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, NL,, PL, PT,  ning of each regular issue of the PCT Gazette.



WO 2007/062039 PCT/US2006/045058
CONFOCAL IMAGING METHODS AND APPARATUS

BACKGROUND

[0001] The present invention relates generally to the field of optical imaging.
Specifically, the present invention relates to imaging systems for use in detecting

microarrays.

[0002] Light microscopes provide a powerful tool for investigating samples at
submicron resolution. For example, in biology and medicine, appropriate molecular
tags, such as fluorescent and immunofluorescent tags, are used to label individual
molecules and unique signals from the tags are detected by light microscope to
identify their presence. Detection at submicron resolution allows not only
determination of the presence of tagged molecules, but also their location in and

around cells or tissues.

[0003] Two conflicting goals of light microscopy inspection systems concern
providing high speed imaging and high resolution imaging. Typically, the resolution
of a light microscope is inversely proportional to the imaging speed. Thus, greater
resolution is often achieved at the cost of lower inspection rate. One technique to
accommodate the aforementioned conflict is to selectively choose the resolution of
the system according to specifics of the sample being observed or other conditions of
the experiment. Thus, one can use lower resolution to achieve higher speeds while
searching for an area of interest in a sample and then once a location of interest is
found, imaging can be carried out at higher resolution, albeit at the cost of increasing

i

the time of acquisition for the image.

[0004] Significant advances have been made in the ability of microscopes to
investigate samples in three dimensions. The advent of confocal microscopes and
improvements gained through related technology, allow a discrete point i\n 3-
dimensional space to be detected at high resolution while rejecting unwanted signal

from the volume around that point. Scanning confocal microscopy can be carried out
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to effectively move the point of detection through the sample and collect signal from

each point to reconstruct an accurate 3-dimensional image of the sample.

[0005] Technology developed for light microscopy has been applied to other fields
of image detection as well. For example, the technology has been used to obtain
images of microarrays containing thousands of molecular probes attached to the
surface of a substrate. Imaging of the surface of the microarrays after exposure to a
biological sample of interest allows thousands of target molecules to be evaluated
simultaneously, thereby providing vast amounts of information about the sample.
For example, microarrays can be used to determine the number and types of genes
that are expressed under particular conditions, which can in turn provide a holistic
view of the biological response to the condition. Furthermore, similarities and
differences between the genetic make-up of individuals can be evaluated using
microarrays such that the genetic basis for particular traits can be determined.
Information about the gene expression responses and genetic make-up of individuals
can be used for diagnostic and prognostic purposes, for example, to determine

susceptibility to a certain disease or response to a particular drug.

[0006] Alithough microarray detection has benefited from advances in light
microscopy, there are a number of areas that have not been addressed adequately in
regard to microarray imaging. In particular, advances directed to increasing image
resolution and collection efficiency in light microscopy have come about by
improving 3-dimensional confocal detection and altering magnification levels.
However, typigélly array detection is carried out in only 2-dimensions and at a fixed
magnification level. Furthermore, many of the advances in high resolution light
microscopy have favored improvements in resolution over scan speed. These
advances are favorable for imaging small samples, on the order of one or a few
biological cells; however, the advances have not necessarily benefited high resolution

scanning of substantially larger samples such as microarrays.

[0007] Thus, there exists a need for scanning devices and methods that allow

imaging of microarrays and other 2-dimensional substrates at high resolution and at
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high speed. The present invention satisfies this need and provides other advantages as

well.

BRIEF DESCRIPTION

[0008] The 'present invention provides a novel approach to microarray imaging and
analysis to respond to such needs. The technique may be used with a wide range of
microarray technologies, including arrays made by microbeads, photolithography,
printing techniques, electrochemistry, and so forth. The technique relies upon
confocal line scanning of the microarray to image individual sites on a substrate.
Scanned lines may comprise more than one wavelength of light, such as a pair of
complimentary wavelengths for reading different colors in a retrobeam resulting from
excitation by combined wavelengths from lasers, confocally directed towards
successive lines of sites on the microarray.‘ The use of confocal line scanning greatly
improves the speed of imaging of thle microarray, while significantly reducing the
potential for crosstalk as a result of unwanted excitation of neighboring sites on the

array.

[0009]  The invention provides an imaging apparatus. The imaging apparatus can
include (a) a radiation source positioned to send excitation radiation to at least a
portion of a sample region; (b) a rectangular detector array; (c) imaging optics
positioned to direct a rectangular image of the portion to the rectangular detector
array; and (d) a scanning device configured to scan the sample region in a scan-axis
dimension, whereby the portion of the sample region that forms a rectangular image at
the rectangular detector array is changed, wherein the shorter of the two rectangular
dimensions for the rectangular detector array and the shorter of the two rectangular
dimensions for the image are in the scan-axis dimension, and wherein the shorter of
the two rectangular dimensions for the rectangular detector array is short enough to
achieve confocality in a single axis of the rectangular detector array, wherein the
single axis is the shorter of the two rectangular dimensions for the rectangular

detector array.
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[0010] The invention further provides a method of obtaining an image of a sample.
The method can include the steps of (a) contacting at least a first portion of a sample
with excitation radiation under conditions wherein radiation is emanated from the first
portion; (b) directing the radiation emanated from the first portion to form a
rectangular image of the first portion at a rectangular detector array; and (c) scanning
the sample région in a scan-axis dimension, thereby repeating steps (a) and (b) to
form a rectangular image of a second portion of the sample at the rectangular detector
array, wherein the shorter of the two rectangular dimensions for the rectangular
detector array and the shorter of the two rectangular dimensions for the images are in
the scan-axis dimension, and wherein the shorter of the two rectangular dimensions
for the rectangular detector array is short enough to achieve confocality in a single
axis of the rectangular detector array, wherein the single axis is the shorter of the two

rectangular dimensions for the rectangular detector array.

[0011] The invention also provides a method of configuring a scanner to achieve
confocality in a single axis. The method can include the steps of (a) providing an
apparatus having (i) a radiation soutce positioned to send excitation radiation to at
least a portionbf a sample region; (ii) a rectangular detector array; (iii) imaging optics
positioned to direct a rectangular image of the lﬁortion to the rectangular detector
array; and (iv) a scanning device configured to scan the sample region in a scan-axis
dimension, whereby the portion of the sample region that forms a rectangular image at
the rectangular detector atray is changed, wherein the shorter of the two rectangular
dimensions for the rectangular detector array and the shorter of the two rectangular
dimensions for the image are in the scan-axis dimension; and (b) positioning the
rectangular detector array or the imaging optics to restrict the shorter of the two
réctangular dimensions for the rectangular detector array to be short enough to
achieve confocality in a single axis of the rectangular detector array, wherein the
single axis is the shorter of the two rectangular dimensions for the rectangular

detector array. -

[0012] The methods can be carried out using the apparatus described in further

detail below. However, it will be understood that the method steps exemplified below
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with regard to particular apparatus can also be carried out using an alternative

apparatus.

[0013] In accordance with certain aspects of the invention, a method for imaging a
biological microarray includes generating a plurality of radiation beams from
respective lasers. The radiation beams are then converted to radiation lines, the lines
being greater in width than in height. The radiation lines are then combined into a
singular radiation line. A portion of a microarray is then radiated with the single
combined radiation line. Radiation from the microarray resulting from irradiation of
the portion is confocally returned to a detector, such as a detector array. Discrete sites
in the portion of the microarray are then imaged based upon radiation received by the
detector. In an alternative embodiment, the two radiation lines can be combined such
that two lines are nearly collinear and the portion of the microarray is irradiated with
the nearly collinear lines of radiation. The two lines are typically separated by a
distance equivalent to the width of each line in order to minimize crosstalk between
channels. In particular embodiments, the discrete sites in the portion of the
microarray can be imaged based upon radiation received by two detectors, one for

each of the two néarly co-linear lines.

[0014] The invention may make use of various optical devices for generating the
radiation lines, and for confocally irradiating the microarray, for example, a line
generator optic may be used for converting a radiation beam from each laser to a line.
Exemplary line generator optics include, but are not limited to, an aspherical lens,
such as a Powell lens, a cylindrical lens or a diffractive element. Optics may then be
provided for focusing the line on the portion of the microarray, and for returning

radiation caused by fluorescence of sites on the microarray to the detector.

[0015] In an alternative embodiment, radiation lines from individual lasers may be
first combined, then the combined beam converted to a single radiation line. This
single ‘beam, as before, may then be confocally directed toward a portion of the
microarray. As set forth above, the combined beam can be configured to form a

single radiation line or it can be configured such that the two lines are nearly collinear
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and a portion of the microarray is irradiated with the nearly collinear lines of

radiation.

[0016] In the various embodiments, the microarray may be advanced slowly in a
desired direction to successively irradiate lines of the sites on the microarray for
imaging purposes. The lines themselves may be continuous or, in certain
embodiments, discontinuous, but simultaneously irradiate multiple sites along the line

on the microarray.

DRAWINGS

[0017] These and other features, aspects, and advantages of the present invention
will become better understood when the following detailed description is read with
reference to the accompanying drawings in which like characters represent like parts

throughout the drawings, wherein:

[0018] FIG. 1 is a diagrammatical overview of a microarray scanning system for
confocal line scanning of a microarray in accordance with aspects of the present

technique;

[0019] FIG. 2 is a diagrammatical perspective view of a portion of a microarray
illustrating an exemplary"manner in which a radiation line is directed toward regions

of the microarray in which sites are located that are to be imaged;

[0020] FIG. 3 is a more detailed diagrammatical representation of a portion of a
microarray that is illuminated by a confocal radiation line to image the sites on the

microarray in accordance with the present technique;

[0021] FIG. 4 is a diagrammatical perspective view of a combined radiation line
directed toward a surface of a microarray to confocally irradiate sites on the array, and
to confocally return radiation to a detector in accordance with aspects of the present

technique;
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[0022]  FIG. 5 is a similar diagrammatical perspective view illustrating a series of
confocally directed beams of radiation along a line for similarly irradiating sites of a

microarray in accordance with the present technique;

[0023]  FIG. 6 is a diagrammatical side view of a technique for converting output

of a laser to a radiation line for confocal line scanning of a microarray;

[0024]  FIG. 7 is a similar, top view of the conversion of the output of a laser to a

radiation line for use in the present confocal line scanning technique;

[0025] FIG. 8 is a graphical representation of an intensity profile for a radiation

line produced by the arrangements of FIGS. 6 and 7;

[0026]  FIG. 9 is a diagrammatical representation of a first exemplary configuration
for a modular arrangement used in converting output of a laser to a radiation line for

confocal line scanning in accordance with the invention;

[0027]  FIG. 10 is an alternative arrangement for conversion of a laser output to a

radiation line in accordance with the present invention;

[0028]  FIG. 11 is a further alternative arrangement for converting laser output to a

radiation line in accordance with the invention;

[0029]  FIG. 12 is yet another alternative configuration for converting laser output

to align a radiation;

[0030] FIG. 13 is a sectional view of an exemplary line generator module suitable

for use in accordance with the invention;

[0031] FIG. 14 is a diagrammatical overview for a scanning system that includes
two laser beams, the output of which is combined for confocal line scanning of a

microarray;

[0032]  FIG. 15 is a diagrammatical overview of an alternative arrangement for

multi-wavelength confocal line scanning of a microarray;
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[0033] FIG. 16 is an opto-mechanical diagrammatical representation of a presently
contemplated implementation for multi-wavelength confocal line scanning of a

microarray;

[0034] FIG. 17 is a diagrammatical view of a series of individual sites on a
biological microarray, illustrating how the confocal line scanning of the present
invention improves accuracy by reducing the potential crosstalk, particularly in
certain types of layout of the sites on the micorarray with respect to radiation lines

used in imaging;

[0035] FIGS. 18 through 21 are diagrammatical views of exemplary radiation line

generators that may be suitable for use in the invention;

[0036] FIGS. 22 and 23 are diagrammatical views of line generators in a

fluorescence imaging system, suitable for use in the invention;

[0037] FIGS. 24(a)-(c) are diagrams showing the projection of a laser spot on a
line scan camera and binning and TDI implementations in accordance with certain

aspects of the invention;

[0038] FIG. 25 is a diagrammatical view of an image scanning system that is
configured to conduct multi-spectral fluorescence imaging in accordance with aspects

of the invention;

[0039] FIG. 26 is a block diagram of an exemplary line-scan imaging sensor for

use with the system shown in FIG. 25;

[0040] FIG. 27 is a diagrammatical view of a further image scanning system that is

configured to conduct multi-spectral fluorescence imaging;

[0041] FIG. 28 is a block diagram of an exemplary line-scan imaging sensor for

use with the system shown in FIG, 27;

[0042] FIG. 29 is a block diagram of an exemplary line-scan imaging detector for

use with the invention; and
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[0043]  FIGS. 30(a)-(b) are block diagrams of other exemplary line-scan imaging

detectors for use with the invention.

DETAILED DESCRIPTION

[0044]  The present invention provides an image scanning system and architecture
having rapid scan times while maintaining high resolution and image quality. These
and other advantages result from configuring a detector array to achieve confocality in
the scanning axis by restricting the scan-axis dimension of the detector array. As set
forth in further detail below, an apparatus of the invention can be configured to
‘achieve confocality in a single axis of a detector array such that confocality only

occurs in that dimension.

[0045]  The detector array can have rectangular dimensions such that the shorter
dimension of the detecfor is in the scan-axis dimension. Imaging optics can be placed
to direct a rectangular image of a sample region to the detector array such that the
shorter dimension of the image is also in the scan-axis dimension. In this way, the
detector array forms a virtual slit. A virtual slit configuration provides several
advantages over the use of a typical slit placed in front of a detector. For example,
configuring a detector array as a virtual slit reduces the number of unused array
elements compared to a conﬁguraﬁon in which a detector array, having standard
dimensions, is used with a slit. Reducing'the number of unused elements increases
efficiency of data acquisition and reduces image processing time. Furthermore, using
a virtual slit allows both the detector and slit to be at the focal plane of the projection
lens eliminating any focus compromise of either position or the requirement for a

relay lens between the slit and detector.

[0046] A detector array configured to have a virtual slit is particularly useful when
employed in an imaging apparatus that is further configured to direct a radiation line
to a sample. The radiation line can have rectangular dimensions in which the shorter
dimension is short enough to achieve confocality in a single axis corresponding to the
shorter dimension of the detector array. Thus, confocality can be achieved for

excitation, detection or both. An instrument can be configured to limit excitation
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error in the confocal axis such that predominantly all of the excitation radiation is

contained within a spot comparable with the resolution of the instrument.

[0047]  An apparatus that includes a detector array forming a virtual slit can be
configured to obtain an image of the sample at high resolution, for example, in the
low micron to submicron range. In particular embodiments, an image can be obtained
at a Rayleigh resolution between 0.2 and 10 micrometers. Furthermore, the ratio of
the shorter of the two rectangular dimensions for the rectangular detector array and
the product of the Rayleigh resolution of the imaging optics multiplied by the
magnification of the imaging optics can be used to determine the size and dimensions
of the virtual slit for achieving confocality in a single axis. If desired, the ratio of the
shorter of two rectangular dimensions for a radiation line to the Rayleigh resolution of

the imaging optics can be selected to achieve confocality in a single axis.

[0048]  Accordingly, an imaging apparatus of the invention can be configured to
have resolution along the length of the line perpendicular to the scan axis that is
matched to the system resolution. For example in a CCD device, 4000 CCD elements
can be used along the length of a 2mm radiation line (the horizontal axis) resulting in
a 0.5 pm pixel resolution at a sample. The number of CCD elements “n” in the
direction perpendicular to the radiation line (the vertical axis) can be chosen to collect
substantially all of the emitted radiation while reducing the amount of unwanted

background radiation collected.

[0049] . An imaging apparatus of the invention can be further configured such that
all pixel elements in the vertical axis are collected in a common “bin” and read out as
a single value. Advantages of the binning approach compared to a typical Time
Delay Integratibn (TDI) design are that the readout rate can be reduced by a factor of
“n”, the system has confocality in one axis, and the tolerance of the synchronization
timing of the readout with the y-stage movement can be reduced. It will be
understood that a TDI design can be configured to have a virtual slit by limiting the
number of vertical pixels. An additional advantage over system designs where n=1
are that the collection efﬁciency of the system can be increased and the sensitivity to

small optical alignment drifts can be decreased.

10
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[0050] Turning now to the drawings, and referring first to FIG. 1, an imaging
system 10 is illustrated diagrammatically as including a scanner 12 in which a sample
or microarray 14 may be inserted for imaging purposes. As described more fully
below, the microarray 14 includes a substrate or support on which an array of sites is
formed. Each site including an attached molecular fragment, such as a gene or gene
fragment, which may have attached thereto a molecule, which may be a
complementary molecule in the case of DNA or RNA probes, from a specific sample.
In present embodiments, many thousands of such sites may be provided in rows or a
grid pattern in portions or segments on the microarray. The microarray itself may be
formed by various technologies, including, as in a present embodiment, microbeads.
Other microarrays which may be imaged in accordance with the present techniques
may include microarrays formed by photolithography, and other processes known or

developed in the art.

[0051] The scanner 12 will include optics described in greatér detail below for
confocal line scanning of the sites on microarray 14. In the illustrated embodiment,
the scanner is a table-top device having a sample tray 16 in which the microarray, or a
plurality of microarrays may be positioned. The tray may be configured to advance
the microarray 14 into a scanning position, and subsequently slowly move the
microarray, as described below, to allow successive lines on the microarray to be
irradiated, and return radiation or retrobeams caused by fluorescence of individual
sites. The retrobeams are focused on a detector for imaging and analyzing the sites,
also described below. In particular embodiments, multiple retrobeams can be focused
to multiple different detectors. For exgmplé, a retrobeam of a first wavelength can be
focused to a first detector and a retrobeam of a second retrobeam can be focused to a

second detector, as set forth in further detail below.

[0052] Control signals for operation of the scanner 12 originate from a controller
or workstation 18. The workstation 18 also includes software for receiving the
imaging signals from the scanner 12. The imaging software of workstation 18 will
typically be embodied in a generallpurpose or application-specific computer 20 which
also controls and receives sigﬁals from interface components 22, which will typically

include a monitor 24 and input devices 26. The imaging software operable in

11
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workstation 18 will preferably provide an intuitive interface for loading and
initializing the scanner, for performing imaging scans on microarrays, and for saving
the data. During the scanning process, the system 10 creates individual files for
different wavelengths of radiation used to image the microarray, which may be
referred to herein as red and green channels. These may be provided in a consolidated
file. Data and associated images may then be saved in a convenient format, such as a
conventional TIFF format, or any other suitable image data format or protocol. The
workstation 18 may be coupled to other network components, including down-stream
processing and application-specific software for higher-level and data analysis, such

as via a network indicated generally by reference numeral 28 in FIG. 1.

[0053]  As noted above, the microarray 14 will include a plurality of sites arranged
in portions or regions of a substrate, for example, as indicated generally in FIG. 2. As
shown in FIG. 2, the microarray 14 may include a support or substrate 30, which may
be a glass, a plastic, a semiconductor, or any other convenient support such as those
described elsewhere herein, On this support 30, one or more sample areas 32 are
provided in which individual sites will be formed, each typically provided with a
respectivé probe molecule used to test a sample. In a present invention, the sample
area 32 is scanned for imaging purposes by a radiation line, indicated generally by
reference numeral 34 in FIG. 2. The radiation line is formed by excitation radiation
which is confocally directed along the line 34 to irradiate a plurality of sites
simultaneously, as indicated generally by arrows 36 in FIG. 2. The individual sites at
which target molecules (e.g., genetic fragments) will have bound are thereby caused
to fluoresce due to the presence of dyes indicative of an interaction of a target with the
site, returning radiation as indicated by lines 38 in FIG. 2. As described below, this
returned radiation, or retrobeam, will be confocally directed toward an imaging
detector where an image will be made of the line for further processing and analysis.
To permit the sites to be successively imaged, then, the entire microarray may be
displaced slowly as indicated generally by reference numeral 40. The line 34 along
which the sites are irradiated will thereby generally progress along successive parallel

locations on the microarray as the microarray is displaced.

12
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[0054]  An exemplary portion of a microarray imaged in accordance with such
confocal line scanning is illustrated in FIG. 3. Again, reference numeral 14 refers to
the microarray, while reference numeral 32 refers to one of the sample areas in which
individual sites 42 are disposed. In the illustrated embodiment, the sites are provided
in a generally hexagonal pattern. Scanning by line 34 progresses through successive
lines 44 of sites 42. As described in greater detail below, while the present confocal
line scanning approach may be used with different layouts or grid patterns of sites on
the micorarray, a hexagonal pattern is particularly useful with confocal line scanning
insomuch as it provides for a reduced probability of crosstalk due to the placement
and spacing between the sites or site edges. The hexagonal packing, designated
generally by reference numeral 46 in FIG. 3, is believed to provide an optimal degree
of accuracy due to such crosstalk reduction, balanced with a superior packing density

of the sites.

[0055]  As described below, and as also illustrated in FIG. 3, as the microarray 14
is advanced as indicated by reference numeral 40, the confocal radiation line 34
irradiates a plurality of sites located along the line. The line is wider, in a horizontal
direction shown in FIG. 3 than it is high. Thus, the line may irradiate adjacent sites in
a line or row of sites without irradiating sites in adjacent lines. In a present
embodiment, however, the radiation line 34 is sufficiently thin, at the level of the
sites, or of a sufficient vertical height in the arrangement illustrated in FIG. 3 to
permit it to illuminate less than the entire area occupied by the sites. In a presently
contemplated embodiment, the radiation line 34 is, for example, 2 mm in length
(horizontal dimension) and less than 3 mm in height (vertical dimension). Thus, the
software provided for imaging, mentioned above, may employ techniques such as
time delay imaging, in which the readout from the detector described below is shifted
with movement of the sample to provide more accurate representations of the

individual sites in each row or line.

[0056] For purposes of explanation, several aspects of the invention have been
exemplified with regard to moving a microarray past a radiation line. It will be
understood that embodiments in which the radiation line is moved in addition to or

alternatively to moving the microarray can also be used. Thus, line-scanning can be

13
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carried out by relative displacement of a radiation line and/or microarray relative to
each other. A portion of the sample excited by the radiation line can form a

rectangular image on the detector array (described below).

[0057] FIG. 4 is a further diagrammatical representation of the present confocal
line scanning approach to imaging the microarray 14. As indicated above, the
microarray is radiated along a line 34 as the support 30 is slowly moved as indicated
by reference numeral 40. As illustrated in FIG. 4, the line 34 is formed by radiation
from a source 48 which is directed towards directing optics 50 and therefrom to
focusing optics 52. As described more fully below, the radiation source 48 will be a
beam with a linear cross section or a radiation line including a plurality of
wavelengths of light used to cause fluorescence at correspondingly different
wavelengths from the sample, depending upon the particular dyes used. The focusing
optics 52 will then confocally direct the radiation line toward the substrate 30 to
irradiate the sites as described above along line 34. It should be noted that the sites
may be provided at the surface of the substrate 30 or slightly below the surface (e.g.,
below a protective film or layer). The confocal irradiation along line 34 will
essentially focus the radiation toward the sites themselves at whatever level they are

found in the microarray.

[0058] The excitation path 54, in the present embodiment, is coplanar with a
retrobeam path 56 for radiation returned from the sample by fluorescence of dyes
associated with molecules attached to probes at the individual microarray sites. The
returned radiation is again focused by focusing optics 58 such that it impacts a
detector 60 to create imaging signals used to reconstruct an image of the microarray,
and of individual sites on the microarray. Specific embodiments for creating the
radiation bea.ni, directing the beam to the microarray, and for detecting returned

radiation are described in greater detail below.

[0059] It should be noted that, as illustrated generally in FIG. 5, the radiation line
used to image the sites simultaneously, in accordance with the present invention, may
be a continuous or discontinuous line. FIG. 5 represents, diagrammatically, a

discontinuous line made up of a plurality of confocally directed beams of light which
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nevertheless irradiate a plurality of points along a line 34. In the embodiment
illustrated in FIG. 5, discontinuous beams 62 are created from separate but adjacent
radiation sources 48. These beams, as before, are confocally directed toward the
microarray and irradiate adjacent spots 64 along the microarray in a line 34. As with
the continuous confocal line scanning described above, the microarréy will typically
be advanced slowly as indicated by arrow 40 to irradiate successive lines along the

microarray, and thereby successive rows or lines of sites.

[0060] Typically, the invention is used to excite and detect a line simultaneously.
In some embodiments, line confocal point scanning can be used such that the optical
system directs an excitation point or spot across a sample by scanning the excitation
beam through an objective lens. The detection system images the emission from the
excited point on the detector without “descanning” the retrobeam. This occurs since
the retrobeam is collected by the objective lens and is split off the excitation beam
optical path before returning back through the scan means. Therefore the retrobeam
will appear on the detector at different points depending on the field angle of the
original excitation spot in the objective lens. The image of the excitation point, at the
detector, will appéar in the shape of a line és the excitation point is scanned across the
sample. This architecture is useful, for example, if the scan means cannot for some
reason accept the retrobeam from the sample. Examples are holographic and acoustic
optic scan means that are able to scan a beam af very high speeds but utilize
diffraction to create the scan. Therefore the scan properties are a function of
wavelength. The retrobeam in fluorescence is at a different wavelength from the

excitation beam.

[0061] FIGS. 6 and 7 illusirate an exemplary linearization of an input laser beam
for confocal line scanning of a microarray in accordance with a presently
contemplated embodiment. FIG. 6 represents what may be considered an elevational
view of the conversion or linearization of the input beam, while FIG. 7 may be
considered to illustrate a top plan view, although these orientations are understandably
interchangeable, depending upon thev orientation of the line and microarray to be
scanned, as deécribed below. As shown in FIG. 6, an input beam 66 from a laser (not

shown) will typically take the form of a circular Gaussian beam 66. An aspherical
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lens 68, such as a Powell lens converts the input beam to a line 70 of radiation which
is directed toward an objective lens 72. As illustrated in the top view of FIG. 7, the
aspherical lens 68 effectively produces a generally flat radiation line which is further

converted to a confocally concentrated beam 74 by the objective lens 72.

[0062] As illustrated in FIG. 8, the arrangement shown in FIGS. 6 and 7 produces
a linear region of radiation which can be used to simultaneously irradiate a number of
sites on the microarray. FIG. 8 is a graphical representation of the simulated
illumination along a radiation line produced by an aspherical lens as described with
reference to FIGS. 6 and 7. The relative illumination of the beam is indicated by
vertical axis 76, while the image coordinate in millimeters is represented by the
horizontal axis 78. In the illustrated embodiment, the illumination intensity rises
rapidly near an edge of the aspherical lens, as indicated by reference numeral 80 and
drops rapidly near an opposite edge, as indicated by reference numeral 82. Between
the edges a useful segment of radiation 84 has a substantially constant relative
illumination level. In a present embodiment, the useful width 86 of the radiation line
is used to irradiate lines or rows of sites on the microarray simultaneously. The
simulation illustrated in FIG. 8, for example, provided a useful scanning length 86 of
approximately 1.024 millimeters, although a number of factors, including the optics

involved may provide for other useful radiation line lengths.

[0063] As will be appreciated by those skilled in the art, for imaging at a plurality
of wavelengths, a confocal line scanning fluorescence imaging system in accordance
with the present technique will provide for lines of multiple wavelengths with the
diffraction-limited width and uniform distribution along a length to irradiate sample
sites and thereby to excite ﬁultiple fluorescent dyes. The line generator approach
illustrated in FIGS. 6, 7 and 8 provide an exemplary mechanism for such linearization
of irradiating, multiple wavelength light. The provision of multiple wavelengths in
the radiation line will be described in greater detail below. Effectively, the
arrangement illustrated in FIG. 6, 7 and 8 fan a collimated input beam in one
dimension and maintain the beam collimate'd in a perpendicular dimension. The beam
is then focused by,the objective lens 72 to a diffraction-limited line on a focal plane of

the lens.
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[0064] Based upon the sag of the aspherical lens, a collimated pure Gaussian input
beam with a defined beam diameter is preferred to generate a line of uniform
distribution. A presently contemplated technique for obtaining a beam with an almost
pure Gaussian distribution is the use of a single mode fiber or fiber cable to provide

input to the aspherical lens.

[0065]  Several arrangements may be foreseen for use of such a single mode fiber
or fiber cable. FIG. 9 illustrates a first exemplary embodiment in which a linear
radiation source 88 includes a laser 90 coupled to a single mode fiber pigtail 92 and
therethrough to a line generator module 94. The objective lens downstream of the
aspherical lens is omitted from the illustration in FIG. 9. The generated line profile is
not only sensitive to the input beam profile but also sensitive to input beam diameter,
collimation characteristics and centering of the beam to the aspherical lens. That is,
the aspherical lens may be designed for a defined input beam diameter, and the
assembly, particularly the components of the line generator module 94, is aligned to

achieve the design performance.

[0066] In the illustrated embodiment, the line generator 94 includes several optical
components which are pre-aligned in a modularized assembly to facilitate both their
quality control and packaging in the scanmer. In particular, line generator modular 94
may include a collimator 96 that collimates the input beam from the single mode fiber
92 and directs the collimated beam to an aspherical lens 100. A laser line filter 98
may also be employed, particularly for applications of fluorescence imaging, to
reduce background noise. The illustration of FIG. 9 may provide for pre-assembling
or terminating the single mode fiber 92 on both ends, that is, at the laser 90 and at the

line generator module 94.

[0067]  Alternatively, the linear radiation source 88 may provide for splicing a pair
of fiber pigtails as illustrated generally in FIG. 10. In the embodiment of FIG. 10, the
fiber pigtail 92 is pre-coupled to the laser 90, while a second fiber pigtail 102 is pre-
coupled to the line generator module 94. The two fibers may then be connected or

spliced at an intermediate point as indicated generally by reference numeral 104.
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[0068] In a further alternative configuration, illustrated in FIG. 11, a single fiber
pigtail 102 may again be used, which may be pre-assembled with the line generator
module 94. In this embodiment, however, the laser 90 provides input to the fiber

pigtail 92 by active coupling, as indicated by reference numeral 106.

[0069] In a further alternative configuration, illustrated generally in FIG. 12, a
fiber pigtail 102 may be pre-assembled with laser 90. Rather than providing a
collimator in the line generator module j94 as described above, a variable beam
expander 108 may be employed for pfoviding input to a modified module 110 which
includes an aspherical lens, as before. The embodiment of FIG. 12 may require that
the input beam diameter match the desired diameter by virtue of the variable beam

expander 108.

[0070] An exemplary line generator module 94 is illustrated generally in FIG. 13.
As indicated above, and as shown in the physical implementation of FIG. 13, the
module 94 may receive an input beam, designated generally by reference numeral
112, via a single mode fiber 92. An output radiation line 114 is emitted by the
module. In the illustrated embodiment, a fiber optic connector 116 serves to join the
single mode fiber 92 to the input side of the module 94. Therefrom, the beam
propagates through collimator 96, laser line filter 98 (where provided), and aspherical
lens 100. Again, the modularization of the optical components used to convert the
output of the laser to a radiation line is favored insomuch as it facilitates assembly of
the overall system, alignment of the optics, and later servicing and replacement of the

optical components, if needed.

[0071] As indicated above, in certain contemplated embodiments, the radiation
source is a laser. Other useful radiation sources might include, for example, a lamp
such as an arc lamp, quartz halogen lamp and light emitting diodes. Any of a variety
of other radiation sources can be used as desired for exciting a sample at a particular
wavelength. As desired for a particular application, the radiation source can generate
radiation at various wavelengths including, for example, a wavelength in the UV, VIS
or IR range. For example, an apparatus of the invention can include a laser that

generates light at 405 nm, 488 nm, 532 nm or 633 nm.
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[0072]  Moreover as noted below, the system can include more than one radiation
source. The multiple radiation sources can be lasers each capable of generating
radiation at different wavelengjths. The use of multiple radiation sources that generate
radiation at different wavelengths can be useful, for example, in applications wherein
a sample includes one or more fluorophores that produce different emission signals
when excited at different wavelengths. Different emission signals can be collected
simultaneously, for examplé, using multiple detection arms as set forth below in
further detail. Alternatively or additionally, different emissioq signals can be

collected sequentially following sequential excitation at different wavelengths.

[0073]  As noted above, certain embodiments of the invention may further include
an expander positioned to receive excitation radiation from a radiation source and to
send an expanded beam of the radiation to a line generator. In particular
embodiments, the diameter of the excitation beam generated by the radiation source is
approximately 1 mm in diameter. A first expander is capable of expanding the
diameter of the beam. For example, according to one embodiment, the expander
expands the excitation beam to a diameter of 4 mm. Other useful beam expanders can
bring the diameter of a radiation beam to at least about 0.5 mm, 1 mm, 2 mm, 5 mm,

10 mm, 15 mm, 20 mm or more.

[0074]  As also discussed above a line generator useful in the invention can include
a diffractive element configured to generate a diffraction-limited line with uniform
intensity distribution. For example a cylindrical micro-lens array and a condenser can
be used. The cylindrical micro-lens array can be configured to focus excitation
radiation onto the front focal plane of the condenser to generate a diffraction-limited
line with uniform intensity distribution. A further example of a line generator is a
one-dimensional diffuser having an angular uniformity and a condenser, wherein the
one-dimensional diffuser is placed at the front focal plane of the condenser to
generate a diffraction-limited line with uniform intensity distribution. If desired, the
line generator can further include an aspheric refractive lens to generate a diffraction-
limited line with uniform intensity distribution. An exemplary aspheric refractive lens

is a Powell lens.
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[0075] In a particular embodiment, the line generator can be configured to receive
an input excitation beam having a diameter of 4 mm to obtain a fan angle of 6
degrees. Other useful configurations include, but are not limited to, those that receive
an input excitation beam having a diameter of at most about 0.1 to 50 mm. A line
generator can obtain a fan angle of at least about 0.1° to at most about 80°, full width.
The beam diameter and fan angle can be selected to achieve a desired shape for a
radiation line. Generally, the width of the radiation line depends upon beam diameter
such that a larger beam diameter provides a wider radiation line in the vertical
dimension and the length of the radiation line depends on the fan angle such that a
larger fan angle provides a longer radiation line in the horizontal dimension.
,Typically, the line should appear to originate at the pupil of the objective, however

this is not a requirement.

[0076] As set forth above, any of a variety of optical elements capable of
generating a line can be placed in the optical path between a radiation source and a
sample region to be irradiated. For example, an arc lamp focused on a slit and then
collimated can be used to generate a line. A further example is an edge emitting
diode laser having an anamorphic beam Wflich generates a line when focused. It will
be understood that a radiation source used to irradiate a sample region can itself be
capable of generating a line. Thus, a radiation source useful in the invention can

include a line generator.

[0077]  Any of a variety of methods and apparatus including, but not limited to
those exemplified above, can be used to direct a radiation line to a sample region.
The dimensions of the radiation line can be selected to achieve confocality in a single
axis of a rectangular detector array. More specifically, the vertical dimension of the
radiation line can be short enough to achieve confocality in the vertical dimension of

the rectangular detector array.

[0078] A line generator of the invention is typically configured to produce a
radiation line having a shape at a sample region that is rectangular .or oblong.

Exemplary shapes include, but are not limited to, a rectangular, elliptical, or oval

i
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shape. A line generator can be configured to produce a radiation line having one or

more of the properties set forth below.

[0079] A radiation line that contacts a sample region can have a ratio of the 1/e?
width of the vertical dimension for the radiation line to the quotient of the vertical
dimension for the rectangular detector array divided by the magnification of the
imaging optics that results in confocality. in one dimension. For example, the ratio
can be at least about 0.5, 1, 1.5, 2, 3 or higher. An apparatus of the invention can be
configured to have an upper end for the ratio that is at most about 2, 1.5, 1, 0.5 or
lower. The ratio can be outside or inside the above ranges as desired including, for

example, being in the range of 0.5 to 3.

'[0080] A radiation line that contacts a sample region can have a ratio of the
vertical dimension for the radiation line to the quotient of the vertical dimension for
the rectangular detector array divided by the magnification of the imaging optics that
results in confocality in gne dimension. For example, the ratio can be at least about
0.1,0.5, 1, 5, 10 or higher. The upper end of the ratio can be at most about 10, 5, 1,
0.5, 0.1 or lower. The ratio can be outside or inside the above ranges as desired

including, for example, being in the range of 0.1 to 10.

[0081]  Furthermore, the ratio of the verﬁcal dimension for the radiation line to the
Rayleigh resolution of the imaging optics can be at least about 0.1, 0.5 1, 5, 10 or
higher. The upper end of the ratio can be at most about 10, 5, 1, 0.5, 0.1 or lower.
The ratio can be outside or inside the above ranges as desired including, for example,

being in the range of 0.1 to 10.

[0082]  Although the invention is exemplified herein with regard to embodiments
in which a sample region is contacted with a radiation line, it will be understood that
the radiation that contacts a sample region can have other shapes including, for

example, a square or circle.

[0083]  As described below, an apparatus of the invention can include an objective
positioned to receive radiation therethrough to illuminate a sample region. The

objective can be further positioned to collect radiation emanating from a sample
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region and direct it to a detector array. Optionally, the apparatus can include a second
expander positioned to receive the excitation radiation from the line generator and
send an expanded beam of the radiation to the objective. The second expander can be
further configured to decrease the field angle of the radiation line. For example, after
the excitation beam passes through the line generator and/or a second expander, it
may be directed to an objective by a beam splitter. In particular embodiments, the
objective has an external pupil positioned to receive the radiation line therethrough to
illuminate the sample region. Preferably, the beam splitter may be located near the
entrance pupil of the objective lens. The beam splitter can be placed at an axial or
lateral position relative to the objective. If desired, an objective can have a property
of color correction, high numerical aperture, telecentricity, afocality at the backplane

or a combination of such properties.

[0084] The beam splitter directs the radiation line to an objective. The objective
ca1‘1 be a microscope objective. The objective may have a focal length of 20 mm.
Accordingly, the objective may possess a numerical aperture of 0.366. Further, the
objective may have a field angle of +/- 3 degrees and an entrance pupil having a 16
mm diameter. Preferably, the objective is telecentric. Exemplary telecentric
objective lenses useful in the invention include those that are described in U.S.

5,847,400, which is incorporated herein by reference.

[0085] FIG. 14 illustrates an overall optical layout for the Varibus components
described above in a multiple wavelength scanner 118. The scanner 118 may include
a plurality of laser light sources, with two such sources being illustrated in the
embodiment of FIG. 14. These include a first laser 120 and a second laser 122. The
first laser 120, in presently contemplated embodiments may be a 658 nm laser, a 750
nm laser, or a 635 nm laser, depending upon the desired application. The second laser
122 may be, for example, a 488 nm laser, a 594 nm laser, or a 532 nm laser. Other
wavelength lasers may, of course, be used. In the present embodimént, the first laser
120 is a 635 nm laser when the second laser 122 is a 488 nm laser, or the first laser
120 is a 750 nm laser when the second laser 122 is a 594 nm lasér, or the first laser
120 is a 658 nm laser when the second laser 122 is a 532 nm laser. The selection of

the Wavelength for each laser will depend, of course, upon the fluorescence properties
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of the dyes used in the microarray, although the wavelengths of the lasers used in
unison for any particular imaging sequence will be distinct from one another to permit

differentiation of the dyes at the various sites of the microarray.

[0086] Each laser 120 and 122 is coupled to a single mode fiber 124 and 126,
respectively, as described above. Moreover, each fiber 124 and 126 feeds a line
generator module 94 of the type described above. Downstream of each module 94, a
filter wheel 128 and 130 may be provided. The filter wheels serve to block, pass or
attenuate the light depending upon the desired function.

[0087]  Output from each of the lasers 120 and 122 will be converted to a near pure
Gaussian distribution by the respective single mode fibers 124 and 126, and the
resulting beams will be converted to beams with linear cross-sections, also referred to
as radiation lines, by the line generator modules 94. Downstream of the filter wheels
128 and 130, the two radiation lines will be combined by a beam combiner 132. The
combined radiation line 134 will, then, comprise light at two different wavelengths for
irradiating the microarray. The combined radiation line 134 is then directed to a
dichroic beam splitter 136 which directs the beam toward focusing optics 138. The
focusing optics 138 constitute a microscope objective that confocally directs and
concentrates thé radiation line along the line to the microarray 14 as described above.
Although the invention is exemplified herein with regard to a combined radiation line
that forms a single radiation line it will be understood that the two radiation lines can
be combined such that two lihes are nearly collinear. Thus, a portion of the
fnicroarray that is irradiated with the combined radiation line will be irradiated with
the nearly collinear lines of radiation. The two lines are typically separated by a
distance equivalent to the width of each line in order to minimize crosstalk between

channels.

[0088] As illustrated diagrammatically in FIG. 14, the microarray 14 may be
supported on a stage that allows for proper focusing and movement of the microarray
before and during imaging. The stage can be configured to move the sample, thereby
changing the relatwe positions of the rectangular image and the rectangular detector

array in the scan-axis (vertical) dimension. Movement of the translation stage can be
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in one or more dimensions including, for example, one or both of the dimensions that
are orthogonal to the direction of propagation for the radiation line and typically
denoted as the x and y dimensions. In particular embodiments, the translation stage
can be configured to move in the direction perpendicular to the scan axis for a
detector array. A stage useful in the invention can be further configured for
movement in the dimension along which the radiation line propagates, typically
denoted as the Z dimension. Movement in the Z dimension can be useful for focusing
the apparatus. In the configuration of FIG. 14, the stage component include tilt
actuators 140, typically used for focusing the radiation line, Y-direction actuators and
eject components 142 for placing the microarray in a position for scanning, and for
gross movements of the microarray between scans, and an X-direction actuators 144

for fine movements of the microarray during scanning.

[0089]  Sites on the microarray 14 may fluoresce at wavelengths corresponding to
those of the excitation beam and return radiation for imaging. As will be appreciated
by those skilled in the art, the wavelength at which the dyes of the sample are excited
and the wavelength at which they fluoresce will depend upon the absorption and
emission spectra of the specific dyes. Such returned radiation will propagate through
beam splitter 136 as indicated generally by tetrobeam 146 in FIG. 14. This retrobeam
will generally be directed toward one or more detectors for imaging purposes. In the
illustrated embodiment, for example, the beam is directed toward a mirror 148 and
therefrom to a second dichroic beam splitter 150. A iaortion of the beam, as indicated
by reference numeral 154, is then directed By mirrors 152 to a bandpass filter wheel
158 that filters the beam to obtain the desired output wavelength corresponding to one
of the ﬂuorescént dyes of the sites in the' microarray. In particular embodiments, the
portions of the beam that are directed to different mirrors can be the respective lines
of a combined beam that forms two nearly co-linear lines. A projection lens 160 then
directs the filtered beam to a charge coupled device (CCD) sensor 164 which
produces output signals corresponding to locations of the radiation in the received
beam. Similarly, a second portion 156 of the beam from beam splitter 150 is directed.
to another mirror thiough a different bandpass filter wheel 158 and projection lens

160. The second beam 156 may also be directed through an optional chromatic
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aberration compensation device 162, which may be motorized. The chromatic
aberration corﬁpensation device 162 serves to bring both wavelength channels into co-
focus. Finally, beam 156, filtered and focused by filter wheel 158 and lens 160 is
directed to a second CCD sensor 166. The receipt and processing of signals from the

sensors 154 and 166 may be managed by a control board 168.

[0090] A rectangular detector array of the invention can be configured to form a
virtual slit as set forth previously herein. In particular embodiments, the size and
dimensions of the virtual slit can be determined from the ratio of the vertical
dimension for the rectangular detector array and the product of the Rayleigh
resolution of the imaging optics multiplied by the magnification of the imaging optics.
For example, the ratio of the vertical dimension for the rectangular detector array and
the product of the Rayleigh resolution of the imaging optics multiplied by the
magnification of the imaging optics can be in the range of 0.1 to 10 or in the range of
0.5 to 3. An apparatus of the invention can be configured to obtain an image of a
sample at a desired or optimal Rayleigh resolution including, for example, a Rayleigh

resolution between 0.2 and 10 micrometers.

[0091] In particular embodiments, the aspect ratio of the number of detection
elements in a first dimension to the number of detection elements in the scan-axis
dimension for a rectangular detector array can be greater than 2, 10, 20, 50, 100, 1000
or higher. For exémple, a line scan CCD camera can be configured to capture, four
thousand (4,000) pixels in the first dimension and n pixels in the scan-axis (vertical)
dimension. The CCD line scan camera can be designed such that the resolution along
the length of the line is matched to the system resolution. In this case, the horizontal
axis includes approximately 4,000 CCD elements along the length of a 2 mm
radiation line, resulting in a 0.5um pixel resolution at the object. The number of CCD
elements “n” in the direction perpendicular to the horizontal axis, also referred to as
the vertical axis, can be chosen to collect substantially all of the emitted radiation
while reducing the amount of background radiation collected. According to one
embodiment of the invention, the CCD has 4096 pixels, each 12um in size. To image
a 2 mm line to this size CCD requires a magnification of 25X. Accordingly, n can be

in the range of six to eight pixels. The design architecture limits the excitation error
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in the confocal axis such that predominantly 100% of the excitation radiation is
contained within a spot comparable with the resolution of the system. In this case, the

spot size would be roughly 1.0 pm.

[0092] Although the apparatus has been exemplified abové with regard to a CCD
line scan camera, it will be understood that any of a variety of other detectors can be
used including, but not limited to a detector array configured for TDI operation, a
CMOS detector, APD detector, Geiger-mode photon counter or other detector set

forth elsewhere herein.

[0093] In general, the operation of the various components illustrated in FIG. 14
may be coordinated by system controller 170. In a practical application, the system
controller will include hardware, firmware and software designed to control operation
of the lasers, movement and focusing of the objective 138 and microarray support,
and the acquisition and processing of signals from the sensors 164 and 166. The
system coniroller may thus store processed data, and further process the data for
generating a reconstructed image of the irradiated sites that fluoresce on the

microarray.

[0094] FIG. 15 illustrates an alternative arrangement for the multiple wavelength
‘scanner, designated generally by reference numeral 172. In this alternative
arrangement, beams from separate lasers are combined and the cross section of the
combined beam then converted to a linear shape by an aspherical lens. Thus, as in the
previous embodiment summarized with reference to FIG. 14, input lasers 120 and 122
provide wavelengths of light corresponding to dyes used at various sites on a
microarray 14, In the embodiment 172, however, a first laser 120 outputs its beam to
a single mode fiber 124, followed by a collimator 174 that collimates this output. The
collimated output, may then be directed to a filter wheel 130, and the resulting beam
176 is directed, by mirrors 152 to a variable beam expahder 180 of the type described

above with refgrence to FIG. 12.

[0095]  Similarly, output from the second laser 122 is directed through a second

filter wheel 130 and the resulting beam 178 is directed, such as via mirrors 152 fo a
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second variable beam expander 182. Output from the variable beam expanders, then,
is joined by a beam combiner 132. The combined beam 182, which will include light
at the desired wavelengths for radiation of the microarray is converted to a line by an
aspherical lens 100. As before, then, a combined radiation line 134 including light at
the desired wavelengths will be produced and directed to the microarray 14 by a beam
splitter 136. The remaining components of the system may be essentially identical to

those described above with respect to FIG. 14.

[0096] FIG. 16 provides a somewhat more detailed opto-mechanical
diagrammatical representation of a multiple wave-length scanner in accordance with
aspects of a presently contemplated embodiment. The scanner 184 may include a first
laser assembly- 186 which, itself, includes multiple lasers. In the illustrated
embodiment, for example, laser assembly 186 includes a first laser 188 which may be
a 488 nm laser, and a second laser 190 which may be a 658 nm laser. The system
may further include a second laser assembly 192, which may include, for example, a
594 nm laser 194 and a 750 nm laser 196. As will be appreciated by those skilled in
the art, the inclusion of multiple laser assemblies 190 and 192 may allow for different
types of scanning operatibns to be performed with a single scanner, such as decoding
functions, analytical functions, and so forth. For example, lasers 188 and 190 may be
used in conjunction with one another for certain types of decoding operations, while
lasers 194 and 196 may be used in conjunction with one another for other types of
decoding. The assemblies may include other lasers which may alternatively be used,
or other assemblies may be provided, such as an assembly employing a 635 nm laser

and a 532 nm laser, such as for certain analytical operations.

[0097]  The laser assemblies 190 and 192 are coupled to single mode fibers 122
and 124 that, as described ébove, convert the output of the lasers to near pure
Gaussian distributions. The light transmitted via the fibers 122 and 124 is input to
line generator modules 94 to produce radiation lines. The beams of radiation are then
directed to excitation filters 128, and combined by combiner 132 to form a combined
radiation line 134. A filter wheel 130 may filter this combined radiation line, such as

to block, pass or attenuate the beam as desired.
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[0098] As in the embodiments described above, the filtered combined radiation
line is then directed to a beam splitter 136 and therefrom to an objective 138. In the
embodiment illustrated in FIG. 16, the obj ective is provided with an autofocus system
198 that may include one or more actuators, such as a voice coil, a linear motor stage,
a piezo motor stage, or a piezo flexure stage. ’Sensors 200 provide for sensing the
distance or focus of the system on the microarray 14, and serve to provide feedback
for dynamic focusing of the confocally-directed radiation line on the appropriate

depth along the microarray 14.

[0099] FIG. 16 also provides somewhat more detail regarding a presently
contemplated arrangement for moving the microarray 14 prior and during scanning.
For example, a sample handling tray 202 is provided along with a motor 204 for
moving the tray in and out of an imaging position. An adapter plate 206 allows for
positioning of the microarray in a docking station 208. Actuators 210 provide for
appropriate positioning of the microarray in the docking station. A coarse stage 212,
controlled by a stepper motor 214 allows for coarse contrc;l of the position of the
microarray with respect to the combined radiation line confocally directed toward the
microarray. The coarse stage 212 may, for example, be used to appropriately position
a portion of the microarray on which the sites are located that are to be imaged. A
precision stage 216, which may include a linear motor 218 and a linear encoder 220
serve to provide for fine positioning and movement of the microarray prior to and

during scanning.

[00100] As before, radiation resulting from fluorescence of individual sites on the
microarray is returned through the beam splitter 136 to mirrors or other optical
devices used to direct the retrobeam through bandpass filters 158, projection lenses

160 and ultimately to CCD sensors 164 and 166.

[00101] The foregoing arrangements provide for extremely rapid and accurate
imaging of multiple sites on a microarray by use of a radiation line that excites the
sites simultaneously. It has been found that the confocal line scanning technique of
the present invention is particularly useful in applications where sites on the

microarray are spaced from one another such as to, in combination with the linear
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scanning described above, reduce the potential for crosstalk between returned
radiation from the individual sites. FIG. 17 illustrates a presently contemplated
arrangement of sites in a hexagonal grid array to take advantage of this aspect of the

confocal line s‘canning technique of the invention.

[00102] As illustrated in FIG. 17, an array section 222 will include a plurality of
sites 42 provided in a predetermined pattern. A presently contemplated embodiment
provides a hexagonal packing pattern as illustrated. The pattern includes what may be
termed adjacent rows or lines of sites designated by reference numerals 224 and 226
in FIG. 17. As will be appreciated by those skilled in the art, the orientation of the
lines may generally be thought of with reference to the direction of scanning by the
confocally directed radiation line described above. As radiation is directed along
lines parallel to the site lines 224 and 226, then, a portion of the lines of sites will be
illuminated by the radiation, and return a retrobeam which will be bright in those
areas that fluoresce. Adjacent sites 228 and 230 in each row or line of sites will be
spaced from one another, and both of these sites will be spaced from a nearest
adjacent site, such as site 232 of an adjacent row or line 226. The distance between
successive or adjacent lines of sites mr;ly be‘ désignated generally by reference numeral
234, such as by reference to the center of the sites in each line. It will be noted that
with the hexagonal packing pattern of FIG. 17, the distance between the centers of
adjacent sites in the same line, however, is greater than the distance between the
adjacent lines of sites. Moreover, in the orientation of FIG. 17, the distance between
centers of adjacent sites in the same line is greater than the nearest distance 236
between sites in the adjacent lines. In particular, for a hexagonal packing pattern of
the type illustrated in FIG. 17, distance 234 will be approximately 0.866 (the cosine of
60 degrees) of the distance 236.

[00103] Moreover, if the sites 228, 230 and 232 are considered to have edges 238,
these edges will be spaced from one another by a distance greater than would result if
the sites were dlsposed ina rectlhnear pattérn. That is, the projection of the distance
between the edges 238 of sites 228 and 232 along the axis of scanning may be
denoted by reference numeral 240. The actual distance, however, between the edges

will be greater, as indicated by reference numeral 242. Again, for the hexagonal
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pattern illustrated in FIG. 17, the distance 242 will be approximately 15% greater than
the distance 240.

[00104] As will be appreciated by those skilled in the art, as the density of the sites
on microarrays is increased, and spacing between the sites is consequently decreased,
increasing demands are made on the ability to carefully focus the irradiating light
beam on the sites, and to properly focus the retrobeam for imaging purposes. The
present technique provides excellent results in the ability to confocaliy irradiate a line
of sites, wheré the confocality exists in the axis parallel to the width of the radiation
line and not along the length of the radiation line. However, crosstalk between the
sites may be considered as a relative inability to distinguish between the sites, as the
images produced from high intensity sites spills over in the nonconfocal axis to
neighboring sites. This can be problematic, for example, when high intensity sites are
located immediately adjacent to very low intensity sites. The combination of confocal
line scanning with non-rectilinearly packed sites, in particularly in combination with
hexagonally packed sites is believed to provide far superior distinction between
irradiated and imaged sites, due to the reduction in crosstalk and blurring between the

imaged sites.

[00105] The combination of a hexagonal arrangement of sites and the radiation line
orientation set forth above is one example of an eml?odirnent of the invention wherein
the distances between nearest neighbor sites that are irradiated simultaneously by a
radiation line at a first scan position is greater than the distance between nearest
neighbor sites that are irradiated at different times by the scanning radiation line. It
will be understood that other combinations of site packing and line orientation can
also be used to achieve similar advantages. For example, although circular sites in a
rectilinear grid are not packed as ‘closely as in a hexagonal grid, the orientation for a
radiation line and its direction of scan can be selected for a desired reduction in cross-
talk. More specifically, the radiation line can be oriented diagonally with respect to
the rows and columns of sites in the rectilinear ‘grid and the radiation line can be
scanned across the grid in the diagonal direction to achieve less cross talk between the
sites than if the radiation line was oriented'orthogonally with respect to the rows and

columns of sites in the rectilinear grid and scanned in the orthogonal direction. An
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advantage being that the line is oriented such that the greatest spacing between

adjacent sites occurs in the nonconfocal axis, parallel to the radiation line.

[00106] The packing arrangements desctibed above are particularly useful when
used with a radiation line that is substantially narrower than the width of the sites
being irradiated. In particular embodiments, the width of the radiation line (i.e. the
shorter dimension of the line) will be at most 75%, 66%, 50%, 30%, 25% or 10% of
the width of the sites being irradiated. Generally, sites having a regular shape are
preferred, for example, sites having reflectional symmetry or rotational symmetry.
However, irregular shaped sites can be used if desired for a particular application.
Whether a site is regular or irregular in shape the width for the site will typically be
measured at the widest dimgnsion, for example, width is measured as the diameter of

a site having a circular cross-section.

[00107] As illustrated in Figs. 18-23, a diffraction-limited line with uniform
intensity distribution can be generated using a number of architectures. In one such
embodiment, shown in Fig. 18, the line generator 244 can be formed with a
cylindrical micro-lens array 246 and a condenser 248. A cylindrical micro-lens array
246 is used to focus the excitation beam 250 to the front focal plane of a condenser
248 in one dimension while leaving a sec;)nd dimension unaffected. A diffraction-
limited line 252 with uniform intensity distribution will be generated on the back
focal plane of the condenser 248. The uniformity of the line .is related to the number
of cylindrical micro-lenses 246 that cover the entrance pupil of the condenser 248.
The greater the number of cylindrical micro-lens arrays 246, the more uniform the

line intensity distribution will be.

[00108] According to another embodiment and as shown in Fig. 19, the line
generator 244 can be formed with a one-dimensional diffuser 254 and a condenser
248. A one-dimensional diffuser 254 having an angular uniformity is placed at the
front focal plane of a condenser 248. The diffuser 254 fans the input collimated beam
250 in one dimension and leaves anqther dimension unaffected. A diffraction-limited

line 252 with uniform intensity distribution will be generated on the back focal plane
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of the condenser 248. Since the diffuser 254 has angular uniformity, the generated ‘

line will be uniform.

[00109] In still another embodiment of the invention, an objective 256.is used as a
condenser 248. Preferably, the objective lens 256 is a telecentric lens with an external
pupil size of 15.75 mm. Preferably, this size is configured to match the diameter of
the collimated input excitation bearﬁ 250. In addition, the input field angle of the lens

is +/- 3 degrees, which corresponds to a field view of 2 mm.

[00110] Fig. 20 shows a one-dimensional diffuser 254 in use with the objective 256
described above. As shown in Fig. 20, a one-dimensional diffuser 254 is placed at the
pupil stop of the objective 256. The objective 256 diffuses the collimated input beam
250 to different angles in a certain range in one dimension and leaves another
dimension ynaffected. The diffuser 254 has angular uniformity, i.e. the intensities of
beams diffused to different angles are the same. The lens 256 focuses the beam at
each particular angle to a point in the line. The uniformity of the line is determined
by the angular sensitivity of the diffuser 254. In addition, the length of radiation line
268 is determined by the fan angle of the diffuser 254. The larger the fan angle is, the
longer the generated radiation line 268 will be. If the fan angle of the diffuser 254 is
+/- 3°, the generated line length will be 2 mm. Although the length of the radiation
line 268 can be longer than 2 mm, a ‘desirted uniformity can be obtained by a line 2

mm in length.

[00111] According to another embodiment, Fig. 21 shows a cylindrical micro-lens
array 246 in use with the above-described objective 256. Each cylindrical micro-lens
246 samples a portion of the collimated input beam 250, focuses it to the pupil stop of
the objective 256 in one dimension, and leaves the second dimension unaffected. The
cylindrical micro-lens array 246 fans the beam 250 to different angles in a certain
range in one dimension. The fan angle is determined by the f-number of the
cylindrical micro-lenses 246. The objective lens 256 focuses the beam 250 at each
angle to a point in the line. Since each point in the focused line gets contribution from
all the cylindriéal micro-lenses 246, the uniformity of the line is related to the number

of cylindrical micro-lenses 246 that covers the entrance pupil of the objective lens

1
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256. For example, according to one embodiment of the invention, 158 micro-lenses

are used to cover the pupil stop in order to generate a uniform line excitation 268.

[00112] Figs. 22 and 23 show additional embodiments of relay telescopes,
configured for fluorescent imaging. A relay telescope 258 is positioned between the
one-dimensional diffuser 254 (see Fig. 22) or cylindrical micro-lens array 246 (see
Fig. 23) and a dichroic beam splitter 260. The dichroic beam splitter 260 is
configured to separate the fluorescence imaging path (retro-beam) 262 from the

excitation path 250.

[00113] A CCD camera or other detector array used in the invention can be
configured for binning. Binning increases the detector array’s sensitivity by summing
the charges from multiple pixels in the array into one pixel. Exemplary types of
binning that can be used include horizontal binning, vertical binning, or full binning.
With horizontal binning, pairs of adjacent pixels in each line of a detector array are
summed. With vertical binning, pairs of adjacent pixels from two lines in the array are
summed. Full binning is a combination of horizontal and vertical binning in which

four adjacent pixels are summed.

[00114] Binning in the invention can be carried out with larger sets of sensor
elements. As illustrated in Fig. 24(a), the line scan CCD camera and corresponding
control electronics can be configured such that all pixel elements in the vertical axis
are collected in a common bin and read ouf as a single value. Thus, binning need not
be limited to adjacent pairs or adjacent groups of array elements. Accordingly, a set
of more than 2 sensor elements, such as pixels of a CCD camera, can be binned even
if the set includes non-adjacent sensor elements. Non-adjacent sensor elements occur,
for example, in a linear arrangement of 3 sensor elements where the first and third

elements are separated from each other by the intervening second sensor element.

[00115] As shown in Fig. 24(b), in binning, all of the pixels in a row are shifted out
at once after a single integration time. The advantage of this approach, when used in
an apparatus of the invention, is that compared to a common TDI design the readout

rate is less sensitive to jitter. Furthermore, the apparatus would have confocality in
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one axis, and the tolerance of the synchronization timing of the readout with the Y-
stage movement would be reduced. Fig. 24(b) shows the projection of a 1 pm laser
spot on a line scan CCD camera. The projection is symmetrical in both the X and Y-
axis. Limiting the number of CCD pixels to 6 in the vertical axis creates a virtual slit
in that axis. The same effect can be achieved with a TDI camera, the main
requirement is that the number of pixels in the vertical axis be optimized to pass a
signal while also rejecting background noise. To achieve this, the laser spot size is set
to match the resolution of the system in conjunction with limiting the number of

vertical pixels.

[00116] An alternate embodiment of the invention uses a TDI design which limits
the number of vertical pixels such that the virtual slit is still created. As shown in Fig.
24(c), in TDI, pixels are shified in sync with the encoder output of the y-stage.
Additionally, the advantage over system designs where n=1 are that the collection
efficiency of the system would be increased and the sensitivity to small optical
alignment drifts would be decreased. Exemi)lary TDI designs and methods that can
be used in the invention are described in U.S. 5,754,291, which is incorporated herein

by reference.

[00117] According to another embodiment of the invention, the present scanning
system architecture is configured to use parallel multi-spectral fluorescence imaging
using line-scan imaging sensors. As shown in Fig. 25, radiation line 134 is used to
excite fluorescent molecules in a full spectral range and a chromatic dispersion
element 264 is used to spread the line fluorescence image 262 across multiple line-
scan imaging sensors 266. The system can be implemented using side illumination or
collinear illumination. According to this embodiment of the invention, a multi-band
filter set 268 is used to excite and detect multiple fluorescent molecules. As
represented in F ig. 26, each of the plurality of sensors 266 is mapped to a narrow band
spectral range. The sensors 266 can be imaging sensors such as a linear line-scan

CCD or a TDI line-scan CCD. Sensors are also referred to as detectors herein.

[00118] As shown in Fig. 27, according to still another embodiment of the

invention, the scanning system architecture can be configured to use a multi-line
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illumination technique. The system can be implemented using side illumination or
collinear illumination. Here, each line 268 excites a sample region at a different
wavelength, for example, to excite different fluorescent molecules. The resulting
multi-line fluorescence image is collected by a detector 266 with multiple line-scan
imaging sensors 266. Each sensor 266 generates the corresponded fluorescent image.
Because the fluorescence with different spectral ranges is already spatially separated,
no chromatic dispersion element 264 is required. A multi-notch filter 270 is used to

effectively block residual Rayleigh and Raman scattered radiation.

[00119] Further, if a chromatic dispersion element is used in the system of Fig. 27,
images with higher spectral resolution can be collected. As illustrated in Fig. 28, each
sensor group 266 in the figure can also work in TDI mode to generate a single

integrated image, which provides images with hierarchical spectral resolution.

[00120] The scanning system architecture can be designed to excite fluorescence of
multiple dyes in different spectral ranges simultaneously. Exemplary architectures
include a single line with multi-colors used in the system of Fig. 25 or spaced multi-
lines with multi-colors used in the system of Fig. 27. The radiation source can be a
white light lamp with a multi-band excitation filter or a combination of multiple
lasers. The excitation filter of the multi-band filter set 268 in the system of Fig. 25 is
not required, for example, if the combination of multiple lasers is used as the radiation
source. In addition, the illumination can be collinear illumination (illumination shares
the same objective lens 138 as the collection) as shown in Fig. 24 or slide illumination
(dark field) as shown in Fig. 28. A multi-Band dichroic beam splitter 136 (shown in
Fig. 25) can be used for the collinear illumination and omitted for the side
illumination embodiment. Also as shown in Fig. 25, a multi-band emission filter 272
of the multi band filter set 82 can be used to selectively block excitation radiation
while passing fluorescence bands. For illuminatidn with multiple lasers, a multi-
notch filter 270 can also be used to selectively block excitation radiation while

passing fluorescence bands, which provides even more efficient florescence detection.

[00121] According to particular embodiments of the invention, emission filters 272

can be integrated with the image sensor 266. An exemplary orientation is shown in
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Fig. 29. A different orientation for blocking multi-band illumination and multiple

laser illumination is shown in Figs. 30(a) and 30(b) respectively.

[00122] An apparatus or method of the invention is particularly useful for obtaining
an image of a 2-dimensional area of a sample. Thus, if desired, detection can be
substantially restricted to obtaining an image in 2 of the 3 possible dimensions for a
sample. Accordingly, an image of a surface for a sample of interest can be detected or
imaged. A particularly relevant sample is a microarray. Using the invention the
surface of a microarray can be detected or imaged to determine one or more property
of the microarray. Exemplary properties of a microarray that can be detected include,
but are not limited to, the presence or absence of a label, the location of a label at a
particular location such as a location where a particular probe resides, or a specific
characteristic of a label such as emission of radiation at a particular wavelength or

wavelength range.

[00123] Detection of such properties for a microarray can be used to determine the
presence or absence of a particular target molecule in a sample contacted with the
microarray. This can be determined, for example, based on binding of a labeled
target analyte to a particular probe of the microarray or due to a target-dependent
modification of a particular probe to incorporate, remove or alter a label at the probe
location. Any one of several assays can be used to identify or characterize targets
using a microarray as described, for example, in U.S. Pat. App. Pub. Nos.
2003/0108867, 2003/0108900, 2003/0170684, 2003/0207295, or 2005/0181394, each

of which is hereby incorporated by reference.

[00124] Exemplary labels that can be detected in accordance with the invention, for
example, when present on a microarray include, but are not limited to, a
chromophore; luminophore; fluorophore; optically encoded nanoparticles; particles
encoded with a diffraction-grating; electrochemiluminescent label such as
Ru(bpy)268+; or moiety that can be ~detec'ced based on an optical characteristic.
Fluorophores that are useful in the invention include, for example, fluorescent
lanthanide complexes, including those of Europium and Terbium, fluorescein,

thodamine, tetramethylrhodamine, eosin, erythrosin, coumarin, methyl-coumarins,
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pyrene, Malacite green, Cy3, CyS5, stilbene, Lucifer Yellow, Cascade Blue™, Texas
Red, alexa dyes, phycoerythin, bodipy, and others known in the art such as those
described in Haugland, Molecular Probes Handbook, (Eugene, OR) 6th Edition; The
Synthegen catalog (Houston, TX.), Lakowicz, Principles of Fluorescence
Spectroscopy, 2nd Ed., Plenum Press New York (1999), or WO 98/59066, each of

which is hereby incorporated by reference.

[00125] Any of a variety of microarrays known in the art, including, for example,
those set forth elsewhere herein, can used as a sample in the invention. A typical
microarray contains sites, sometimes referred to as features, each having a population
of probes. The population of probes at each site typically is homogenous, having a
single species of probe but in some embodiments the populations can each be
heterogeneous. Sites or features of an array are typically discrete, being separated
with spaces between each other. The size of the probe sites and/or spacing between
the sites can vary such that arrays can be high density, medium density or lower
density. High density arrays are characterized as having sites separated by less than
ébout 15 pm. Medium density arrays have sites separated by ébout 15 to 30 pm,
while low density arrays have sites separated by greater than 30 pm. An array useful
in the invention can have sites that are separated by less than 100 pm, 50 pm, 10 pm,
5 pm, 1 pmor 0.5 um. An apparatus or method of the invention can be used to image
an array at a resolution sufficient to distinguish sites at the above densities or density

ranges.

[00126] Although the invention has been exemplified above with regard to the use
of a microarray as a sample, it will be understood that other samples having features
or sites at the above densities can bé imaqu at the resolutions set forth above. Other
exemplary samples include, but are not limited to, biological specimens such as cells
or tissues, electronic chips such as those used in computer processors, or the like. A
microarray or other sample can be placed in a sample region of an apparatus of the

invention by being placed on a sample stage such as those described elsewhere herein.

[00127] An apparatus of the invention can further include a processor, operably

coupled to a rectangular detector array or otherwise configured to obtain data from the
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rectangular detector array, wherein the processor is configured to perform a plurality
of functions on the image. The processor can include a conventional or general
purpose computer system that is programmed with, or otherwise has access to, one or
more program modules involved in the analysis of imaging data. Exemplary
computer systems that are useful in the invention include, but are not limited to
personal computer systems, such as those based on Intel®, IBM®, or Motorola®
microprocessors; or work stations such as a SPARC® workstation or UNIX®
workstation. Useful systems include those using the Microsoft® Windows®, UNIX
or LINUX® operating system. The systems and methods described herein can also be
implemented to run on client-server systems or wide-area networks such as the

Internet.

[00128] The processor can be included in a computer system, configured to operate
as either a client or server. The processor can execute instructions included in one or
more program modules. Results from one or more program modules such as an
image of a sample or sample region, or analysis of the sample or sample region can be
reported to a user via a graphical user interface. For example, results can be reported
via a monitor or printing device operably connected to the processor. Thus, an image

of an array or other sample can be provided to a user via a graphical user interface.

[00129] According to certain aspects of the \invention, several advantages are
realized. The sjzstem of the present invention scans samples faster than other
technologies and provides improved data quality at lower cost. Specifically, the
readout rate of the present invention is increased by a factor of n as compared to
conventional TDI systems. Confocality can be achieved in one or more axis. In

addition, the present invention is less sensitive to optical alignment drifts,

[00130] Further, the present invention combines the advantages of simultaneous
excitation/detection of multiple fluorescent molecules using multi-band filters and
parallel readout of multiple line-scan imaging sensors on the same sample. The
present invention can simultaneously generate multi-spectral fluorescence images in a
fast speed. In particular embodiments, an apparatus of method of the invention can

scan a sample at a rate of at least about 0.01 mm?/sec. Depending upon the particular
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application of the invention faster scan rates can also be used including, for example,
in terms of the area scanned, a rate of at least about 0.02 mmz/sec, 0.05 mm?/sec, 0.1
mm?sec, 1 mm%sec, 1.5 mm?¥sec, 5 mm*sec, 10 mm?/sec, 50 mm?/sec orl00
mm?/sec or faster. If desired, for example, to reduce noise, scan rate can have an
uppér limit of about 0.05 mm?/sec, 0.1 mm?/sec, 1 mm?/sec, 1.5 mm?/sec, 5 mm?*/sec,
10 mm?/sec, 50 mm?%/sec or100 mm?%/sec. Scan rate can also be measured in terms of
the rate of relative movement for an image and detector in the scan-axis (vertical)
dimension and can be, for example, at least about 0.1 mm/sec, 0.5 mm/sec, 1 mm/sec,
10 mm/sec, or 100 mm/sec. Again, to reduce noise, scan rate can have an upper limit
of about 0.5 mm/sec, 1 mm/sec, 10 mm/sec, or 100 mm/sec. In sum, the present
invention can be used to build multi-spectral fluorescence imagers, which are more

efficient and cost-effective than other imaging systems.

[00131] The following are terms that are used in the present discussion, and which

are intended to have the meanings ascribed below.

[00132] As used herein, the term “radiation source™ is intended to mean an origin or
generator of propagated electromagnetic energy. The term can include an illumination
source producing electromagnetic radiation in the ultra violet (UV) range (about 200
to 390 nm), visible (VIS) range (about 390 to 770 nm), or infrared (IR) range (about
0.77 to 25 microns), or other range of the electromagnetic spectrum. A radiation
source can include, for‘example, a lamp such as an arc lamp or quartz halogen lamp,
or a laser such as a solid state laser or a gas laser or an LED such as an LED/single

mode fiber system.

[00133] As used herein, the term “excitation radiation” is intended to mean
electromagnetic energy propagated toward a sample or sample region. Excitation
radiation can be in a form to induce any of a variety of responses from a sample
including, but not limited to, absorption of energy, reflection, fluorescence emission

or luminescence.

[00134] As used herein, the term “sample region” is intended to mean a location
that is to be detected. The location can be, for example, in, on or proximal to a

i
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support device that is configured to support or contain an object to be detected. A
sample can occupy a sample region permanently or temporarily such that the sample
can be removed from the sample region. For example a sample region can be a
location on or near a translation stage, the location being occupied by a microarray

when placed on the translation stage.

[00135] As used herein, the term “detector array” is intended to mean a device or
apparatus having several elements that convert the energy of contacted photons into
an electrical response. An exemplary detector array is a charge coupled device (CCD),
wherein the elements are photosensitive charge collection sites that accumulate charge
in response to impinging photons. Further examples of detector arrays include,
without limitation, a complementary metal oxide semiconductor (CMOS) detector
array, avalanche photodiode (APD) detector array, or a Geiger-mode photon counter
detector array. The elements of a detector array can have any of a variety of
arrangements. For example, a rectangular detector array has elements in a 2-
dimensional, orthogonal arrangement in which a first dimension, referred to as the
“horizontal” dimension is longer than a second dimension referred to as the “vertical”
dimension. A square detector array hasrelements in a 2-dimensional, orthogonal
arrangement in which the first and second dimensions of the arrangement are the

same length.

[00136] As used herein, the term “rectangular image” is intended to mean an
optically formed representation of a sample, or portion of the sample, that occurs
within a 2-dimensional, orthogonal region having a horizontal dimension that is
longer than the vertical dimension. The rectangular image can represent the entirety
of an image emanating from a sample region or; alternatively, can be a rectangular

portion of a larger image, the larger image having any of a variety of shapes.

[00137] As used herein, the term “scanning device” is intended to mean a device
capable of sequentially detecting different portions of a sample. A scanning device
can operate, by changing the position' of one or more component of a detection
apparatus including, for example, a sample, radiation source, optical device that

directs excitation radiation to a sample, optical device that directs radiation emanating
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from a sample, or detector array. Exemplary scanning devices include, but are not
limited to a galvanometer configured to move a beam or line of radiation across a
sample or a translation stage configured to move a sample across a beam or line of
radiation.

[00138] As used herein, the term “Rayleigh resolution” is RR in the following

equation
RR = ((1.22)(M(H)D

wherein A is wavelength, fis focal length and D is distance between two objects that
are detected. The term is intended to be consistent with its use in the art of optics, for
example, as set forth in Hecht, Optics, 4th ed., Addison Wesley, Boston MA (2001),

which is hereby incorporated by reference.

[00139] As used herein, the term “magnification” is intended to mean the ratio of
the size of an object to the size of an image of the object. For example, magnification
can be determined from the ratio of the size of sample region (i.e. the object) to the
size of an image of the sample region at a detector array. In systems including an
objective and projection lens, magnification can be determined from the ratio of focal

length of the objective to back focal length of the projection lens.

[00140] As used herein, the term “radiation line” is intended to mean a collection of
electromagnetic waves or particles propagated in a uniform direction, wherein the 2-
dimensional cross section orthogonallto the direction of propagation is rectangular or
oblong. Exemplary 2-dimensional cross sections of a radiation line include, but are
not limited to, a rectangular, elliptical, or oval shape. The cross sectional width of a
radiation line can have one or both dimensions in a range of, for example, about 0.05
pum to about 10 um. For example, a dimension of the radiation line can be at least
about 0.05 pm, 0.1 pm, 0.5 um, 1 pm, 5 um or 10 um. Furthermore, a dimension of a
radiation line can be, for example, at most about 0.1 pm, 0.5 pm, 1 pm, 5 pm or 10
pum. Tt will be understood that these dimensions are merely exemplary and radiation

lines having other dimensions can be used if desired.
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[00141] As used herein, the term “line generator” is intended to mean an éptical
element that is configured to generate a diffraction-limited or near diffraction-limited
~ radiation line in the plane perpendicular to the optical axis of propagation with a
substantially uniform intensity distribution along the horizontal axis of the line.
Exemplary line generators include, but are not limited to, a one dimensional diffuser
having angular uniformity, cylindrical microlens array, diffractive element or aspheric
refractive lens such as a Powell lens. The one dimensional diffuser having angular
uniformity or cylindrical microlens array can be placed to direct radiation to a

condenset.

[00142] As used herein, the term “beam splitter” is intended to mean an optical
element that passes a first portion of a radiation beam and reflects a second portion of
the beam. For example a beam splitter can be configured to selectively pass radiation
in a first wavelength range and reflect radiation in a second, different radiation range.
When used for fluorescence detection the beam splitter will typically reflect the
shorter wavelength excitation radiation and transmit the longer wavelength emission

radiation.

[00143] As used herein, the term “external pupil” is used in reference to an
objective, where the entrance pupil to the back aperture of the objective is behind the

physical dimensions of the objective in the excitation beam path.

[00144] As used herein, the term “expander” is intended to mean one or more
optical elements configured to adjust the diameter and collimation of a radiation
beam. For example, an expander can be configured to increase the diameter of a
radiation beam’ by a desired amount such as at least 2 fold, 5 fold, 10 fold or more.
Optical elements of an expander can include, for example, one or more mirrors or

lenses.

[00145] As used herein, the term “projection lens” is intended to mean an optical
element configured to transfer the image of an object to a detector. For example, a
lens can be placed to transfer an image emanating from an objective lens to a detector

array.
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[00146] As used herein, the term “optical filter” is intended to mean a device for
selectively passing or rejecting passage of radiation in a wavelength, polarization or
frequency dependent manner. The term can include an interference filter in which
multiple layers of dielectric materials pass or reflect radiation according to
constructive or destructive interference between reflections from the various layers.
Interference filters are also referred to in the art as dichroic filters, or dielectric filters.
The term can include an absorptive filter which prevents passage of radiation having a
selective wavelength or wavelength range by absorption. Absorptive filters include,

for example, colored glass or liquid.

[00147] A filter used in the invention can have one or more particular filter
transmission characteristics including, for example, bandpass, short pass and long
pass. A band pass filter selectively passes radiation in a wavelength range defined by
a center wavelength of maximum radiation transmission (Tmax) and a bandwidth and
blocks passage of radiation outside of this range. Tmax defines the percentage of
radiation transmitted at the center wavelength. The bandwidth is typically described
as the full width at half maximum (FWHM) which is the range of wavelengths passed
by the filter at a transmission value that is half of Tmax. A band pass filter useful in
the invention can have a FWHM of 10 nanometers (nm), 20 nm, 30 nm, 40 nm or 50
nm. A long pass filter selectively passes higher wavelength radiation as defined by a
Tmax and a cut on wavelength. The cut on wavelength is the wavelength at which
radiation transmission is half of Tmax; as Wavelength increases above the cut on
wavelength, transfnission percentage increases and as wavelength decreases below the
cut on wavelength transmission percentage decreases. A short pass filter selectively
passes lower wavelength radiation as defined by a Tmax and a cut off wavelength.
The cut off wavelength is the wavelength at which radiation transmission is half of
Tmax; as wavelength increases above the cut off wavelength, transmission percentage
decreases and as wavelength decreases below the cut off wavelength transmission
percentage increases. A filter of the invention can have a Tmax of 50-100%, 60-90%
or 70-80%.

[00148] As used herein, the term “microarray” refers to a population of different

probe molecules that are attached to one or more substrates such that the different
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probe molecules can be differentiated from each other according to relative location.
An array can include different probe molecules, or populations of the probe
molecules, that are each located at a different addressable location on a substrate.
Alternatively, a microarray can include separate substrates each bearing a different
probe molecule, or population of the probe molecules, that can be identified according
to the locations of the substrates on a surface to which the substrates are attached or
according to the locations of the substrates in a liquid. Exemplary arrays in which
separate substrates are located on a surface include, without limitation, a Sentrix®
Array or Sentrix® BeadChip Array available from Illumina®, Inc. (San Diego, CA)

“or others including beads in wells such as those described in U.S. Patent Nos,
6,266,459, 6,355,431, 6,770,441, and 6,859,570; and PCT Publication No. WO
00/63437, each of which is hereby incorporated by reference. Other arrays having
particles on a surface include those set forth in US 2005/0227252; WO 05/033681;
and WO 04/024328.

[00149] Further examples of commercially available microarrays that can be used in
the invention include, for example, an Affymetrix® GeneChip® microarray or other
microarray synthesized in accordance with techniques sometimes referred to as
VLSIPS™ (Very Large Scale Immobilized Polymer Synthesis) technologies as
described, for example, in U.S. Pat. Nos. 5,324,633; 5,744,305; 5,451,683; 5,482,867,
5,491,074; 5,624,711, 5,795,716, 5,831,070, 5,856,101; 5,858,659; 5,874,219,
5,968,740; 5,974,164; 5,981,185; 5,981;956; 6,025,601; 6,033,860; 6,090,555;
6,136,269; 6,022,963; 6,083,697 6,291,1é3; 6,309,831; 6,416,949; 6,428,752 and
6,482,591, each of which is hereby incorporated by reference. A spotted microarray
can also be used in a method of the invention. An exemplary spotted microarray isa
CodeLink™ Aﬁay available from Amersham Biosciences. Another microarray that is
useful in the invention is one that is manufactured using inkjet printing methods such
as SurePrintTM Technology available from Agilent Technologies. Other microarrays
that can be used in the invention include, without limitation, those described in Butte,
Nature Reviews Drug Discov. 1:951-60 (2002) or U.S. Pat Nos. 5,429,807;
5,436,327, 5,561,071, 5,583,211; 5,658,734; 5,837,858; 5,919,523; 6,287,768;

44



WO 2007/062039 PCT/US2006/045058

6,287,776; 6,288,220; 6,297,006; 6,291,193; and 6,514,751; and WO 93/17126; WO
95/35505, each of which is hereby incorporated by reference.

[00150] As used herein, the term “time delay integration” or “TDI” is intended to
mean sequential detection of different portions of a sample by different subsets of
elements of a detector array, wherein transfer of charge between the subsets of
elements proceeds at a rate synchronized with and in the same direction as the
apparent motion of the sample being imaged. For example, TDI can be carried out by
scanning a sample such that a frame transfer device produces a continuous video
image of the sample by means of a stack of linear arrays aligned with and
synchronized to the apparent movement of the sample, whereby as the image moves
from one line to the next, the stored charge moves along with it. Accumulation of
charge can integrate during the entire time required for the row of charge to move
from one end of the detector to the serial register (or to the storage area of the device,

in the case of a frame transfer CCD).

[00151] As used herein, the term “collection arm” is intended to mean an optical
component or set of optical components positioned to direct radiation from a sample

region to a detector.

[00152] While only certain features of the invention have been illustrated and
described herein, many modifications and changes will occur to those skilled in the
art. It is, therefore, to be understood that the appended claims are intended to cover

all such modifications and changes as fall within the true spirit of the invention.
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CLAIMS:

1. An imaging apparatus comprising:

(a) a radiation source positioned to send excitation radiation to at least a
portion of a sample region;

(b) a rectangular detector array;

(c) imaging optics positioned to direct a rectangular image of said portion
to said rectangular detector array; and

(d)  .a scanning device configured to scan said sample region in a scan-axis
dimension, whereby the portion of said sample region that forms a rectangular image
at said rectangular detector array is changed,

wherein the shorter of the two rectangular dimensions for said rectangular
detector array and the shorter of the two rectangular dimensions for said image are in
said scan-axis dimension, and

wherein said shorter of the two rectangular dimensions for said rectangular
detector array is short enough to achieve confocality in a single axis of said
rectangular detector array, wherein said single axis is said shorter of the two

rectangular dimensions for said rectangular detector array.

2. The apparatus of claim 1, wherein the ratio of said shorter of the two
rectangular dimensions for said rectangular detector array and the product of the
Rayleigh resolution of the imaging optics multiplied by the magnification of the

imaging optics is in the range of 0.1 to 10.
3. The apparatus of claim 1, further comprising a line generator
positioned to receive excitation radiation from said radiation source and to send a

radiation line to said sample region.

4, The apparatus of claim 3, further comprising an objective positioned to

receive said radiation line therethrough to illuminate said sample region.
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5. The apparatus of claim 4, wherein said imaging optics comprise said
objective, wherein said objective is further positioned to collect radiation emanating
from said sample region, wherein said radiation emanating from said sample region

forms said rectangular image that is directed to said rectangular detector array.

6. The apparatus of claim 5, further comprising a beam splitter positioned
to separate said radiation line from said radiation emanating from said sample region
and to direct said radiation emanating from said sample region to the rectangular

detector array.

7. The apparatus of claim 4, wherein said objective has an external pupil

positioned to receive said radiation line therethrough to illuminate said sample region.

8. * The apparatus of claim 4, further comprising a first expander
positioned to receive excitation radiation from said radiation source and to send an

expanded beam of said radiation to said line generator.

9. The apparatus of claim 8, further comprising a second expander
positioned to receive said excitation radiation from said line generator and send an
expanded beam of said radiation to said objective, wherein said second expander is

further configured to decrease the field angle of said radiation line.

10.  The apparatus of claim 4, wherein said objective has a property
selected from the group consisting of color correction, high numerical aperture,

telecentricity, and afocality at the backplane..
11.  The apparatus of claim 3, wherein said line generator has a full fan

angle of six degrees and is configured to receive an input beam having a diameter of

at most 4 mm.
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12. The apparatus of claim 3, wherein said line generator further comprises
a cylindrical micro-lens array, one-dimensional diffuser having an angular uniformity,

aspheric refractive lens, diffractive element or Powell lens.

13. The apparatus of claim 3, wherein said line generator further comprises
a diffractive element to generate a diffraction-limited line with uniform intensity

distribution.

14. The apparatus of claim 3, wherein the shorter of two rectangular
dimensions for said radiation line is short enough to achieve confocality in a single
axis of said rectangular detector array, wherein said single axis is said shorter of the

two rectangular dimensions for said rectangular detector array.

15.  The apparatus of Claim 3, wherein the ratio of the shorter of two
rectangular dimensions for said radiation line to the quotient of said shorter of the two
rectangular dimensions divided by the magnification of the imaging optics is in the

range of 0.1 to 10.

16.  The apparatus of Claim 3, wherein the ratio of the shorter of two
rectangular dimensions for said radiation line to the Rayleigh resolution of the

imaging optics is in the range of 0.1 to 10.

17.  The apparatus of claims 3, wherein the ratio of the 1/e"2 width of the
shorter of two rectangular dimensions for said radiation line to the quotient of said
shorter of the two rectangular dimensions for said rectangular detector array divided

by the magnification of the imaging optics is in the range of 0.5 to 2.

18.  The apparatus of claim 1, further comprising a projection lens
positioned to collect radiation emanating from said sample region, wherein said
radiation emanating from said sample region forms said rectangular image that is

directed to said rectangular detector array.
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19.  The apparatus of claim 1, further comprising a band pass filter
positioned to collect radiation emanating from said sample region, wherein said
radiation emanating from said sample region forms said rectangular image that is

directed to said rectangular detector array.

20. The apparatus of claim 1, further comprising an emission filter
positioned to collect radiation emanating from said sample region, wherein said
radiation emanating from said sample region forms said rectangular image that is

directed to said rectangular detector array.

21.  The apparatus of claim 1, further comprising a translation stage

positioned to provide a sample to said sample region.

22.  The apparatus of claim 21, wherein said translation stage is configured

to move said sample in said scan-axis dimension.

23.  The apparatus of claim 21, further comprising a microarray supported

by said translation stage, whereby said array is provided to said sample region.

24.  The apparatus of claim 1, wherein said rectangular detector array is

configured for TDI (Time Delay Integration) operation.
25.  The apparatus of claim 1, wherein said rectangular detector array
comprises a line scan CCD camera, CMOS detector array, avalanche photodiode

(APD) array, or Geiger-mode photon counter array.

26.  The apparatus of claim 1, wherein the aspect ratio of said rectangular

detector is greater than 20, ;

27.  The apparatus of claim 1, wherein said radiation source comprises at

least one laser.
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28.  The apparatus of claim 1, comprising multiple collection arms
positioned to collect radiation emanating from said sample region, wherein said
radiation emanating from said sample region forms multiple rectangular images that

are directed to multiple rectangular detector arrays.

29.  The apparatus of claim 1, wherein said apparatus is configured to
obtain an image of said sample comprising a Rayleigh resolution between 0.2 and 10

micrometers.

30. A method of obtaining an image of a sample, comprising

(a) contacting at least a first portion of a sample with excitation radiation
under conditions wherein radiation is emanated from said first portion;

(b) directing said radiation emanated from said first portion to form a
rectangular image of said first portion at a rectangular detector array; and

(c) scanning said sample region in a scan-axis dimension, thereby
repeating steps (a) and (b) to form a rectangular image of a second portion of said
sample at said rectangular detector array,

wherein the shorter of the two rectangular dimensions for said rectangular
detector array and the shorter of the two rectangular dimensions for said images are in
said scan-axis dimension, and

wherein said shorter of the two rectangular dimensions for said rectangular
detector array is short enough to achieve confocality in a single axis of said
rectangular detector array, wherein said single axis is said shorter of the two

rectangular dimensions for said rectangular detector array.

31. The method of claim 30, wherein the ratio of said shorter of the two
rectangular dimensions for said rectangular detector array and the product of the
Rayleigh resolution of said rectangular image multiplied by the magnification of the

rectangular image is in the range of 0.1 to 10.
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32. The method of claim 30, wherein said excitation radiation that contacts

at least a portion of said sample comprises a radiation line.

33.  The method of claim 32, wherein the shorter of two rectangular
dimensions for said radiation line is short enough to achieve confocality in a single
axis of said rectangular detector array, wherein said single axis is said shorter of the

two rectangular dimensions for said rectangular detector array.

34, The method of claim 32, wherein the ratio of the shorter of two
rectangular dimensions for said radiation line to the quotient of said shorter of the two
rectangular dimensions for said rectangular detector array divided by the

magnification is in the range of 0.1 to 10.

35. The method of claim 30, wherein the ratio of the 1/e2 width the
shorter of two rectangular dimensions for said radiation line to the quotient of said
shorter of the two rectangular dimensions for said rectangular detector array divided

by the magnification is in the range of 0.5 to 2.

36.  The method of claim 30, wherein said scanning said sample comprises
moving said sample, thereby changing the relative positions of said rectangular image

and said rectangular detector array in said scan-axis dimension.

37.  The method of claim 30, wherein said scanning comprises TDI (Time

Delay Integration).

38.  The method of claim 30, wherein all pixel elements in the shorter of
the two rectangular dimensions for said rectangular detector array are collected in a

common bin and read out as a single value.
39.  The method of claim 30, wherein said excitation radiation comprises

radiation in a range selected from the group consisting of UV radiation, VIS radiation

and IR radiation.
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40.  The method of claim 30, further comprising storing a data

representation of said image of said sample in a computer readable memory.

41.  The method of claim 40, further comprising displaying a graphical
representation of said image of said samplé on a monitor operably connected to said

computer readable memory.

42.  The method of claim 30, wherein said sample comprises a microarray

having a plurality of individual sites.

43.  The method of claim 42, wherein said individual sites are separated by

a distance in the range of 0.1 to 50 micrometers.

44.  The method of claim 43, further comprising distinguishing said

individual sites.

45. The method of claim 30, wherein said image of said sample comprises

a Rayleigh resolution between 0.2 and 10 micrometers.

46. A method of configuring a scanner to achieve confocality in a single
axis, comprising,

(a) providing an apparatus comprising

6] a radiation source positioned to send excitation radiation to at
least a portion of a sample region;

(i)  arectangular detector array;

(iif)  imaging optics positioned to direct a rectangular image of said
portion to said rectangular detector array; and

(iv)  a scanning device configured to scan said sample region in a
scan-axis dimension, whereby the portion of said sample region that forms a

rectangular image at said rectangular detector array is changed, |

52



WO 2007/062039 PCT/US2006/045058

wherein the shorter of the two rectangular dimensions for said rectangular
detector array and the shorter of the two rectangular dimensions for said image are in
said scan-axis dimension; and

(b) positioning said rectangular detector array or said imaging optics to
restrict said shorter of the two rectangular dimensions for said rectangular detector
array to be short enough to achieve confocality in a single axis of said rectangular
detector array, wherein said single axis is said shorter of the two rectangular

dimensions for said rectangular detector array.

47. A system for imaging a microarray comprising:

a laser light source;

a single mode fiber optic cable coupled to the laser light source for
transmitting laser light in single mode transmission;

a line illuminator for converting laser light from the source to' a line of
radiation, the line illuminator including a collimator arranged to receive the laser light
from the source and an aspherical lens for converting collimated light from the
collimator to the line of radiation; and

a focusing device for directing the line of radiation onto a plane at the surface
of a microarray.

\

48. The system of claim 47, wherein the line illuminator is configured to

convert laser light from the source to a line of radiation of substantially uniform

intensity over a desired line length.

49, The system of claim 47, wherein the collimator and aspherical lens are
prealigned within a module to permit installation of the module in the system without

further alignment within the module during installation.
50. The system of claim 47, wherein the focusing device is configured to

create a uniform line of radiation that is diffraction limited in the narrow dimension of

the line.
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51.  The system of claim 47, further comprising a laser line filter disposed

in the module intermediate the collimator and the aspherical lens.
52.  The system of claim 47, wherein the aspherical lens is a Powell lens.

53.  The system of claim 47, wherein the aspherical lens is a cylindrical

lens.

54.  The system of claim 47, wherein individual sites on the microarray are

separated by a distance in the range of about 0.1 to 50 micrometers.

55. The system of claim 54, wherein the system is configured to

distinguish the individual sites.

56.  The system of claim 47, wherein the system is configured to obtain an
image of the microarray at a Rayleigh resolution between about 0.2 and 10

micrometers.

57. The system of claim 47, wherein the line illuminator includes an
integral connector, and the single mode fiber optic cable is terminated with a mating

connector for coupling to the line illuminator.

58.  The system of claim 47, wherein one end of the single mode fiber optic

cable is integrally coupled to the line illuminator.

59.  The system of claim 47, wherein one end of the single mode fiber optic

cable is removably coupled to the line illuminator.
60.  The system of claim 47, comprising a second fiber optic cable coupled

to the laser light source at one end thereof and coupled to the single mode fiber optic

cable at an opposite end thereof.
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61.  The system of claim 60, wherein the second fiber optic cable is a single

mode fiber optic cable.

62.  The system of claim 61, wherein the fiber optic cables are coupled to

one another via an optical connector.

63. - The system of claim 61, wherein the fiber optic cables are spliced to

one another,

64.  The system of claim 47, wherein the single mode fiber optic cable is
configured for single mode transmission of laser light with a wavelength of

approximately 405 nm, 488 nm, 532 nm or 633 nm.

65. A system for imaging a microarray comprising;

a laser light source;

a fiber optic cable coupled to the laser light source;

a line illuminator for converting laser light from the source to a line of
radiation, the line illuminator including a collimator arranged to receive the laser light
from the source and an aspherical lens for converting collimated light from the
collimator to the line of radiation; /

a second fiber optic cable coupled to the first single mode fiber optic cable at
one end thereof and to the line illuminator at another end thereof, at least one of the
fiber optic cables being a single mode fiber optic cable; and

a focusing device for directing the line of radiation onto a plane at the surface

of a microarray.

66. A system for imaging a microarray comprising:

first and second laser light sources, each source configured to output laser
light in a different predetermined frequency band;

first and second single mode fiber optic cables coupled to the first and second
laser light sources, respectively, for transmitting laser light in single mode

transmission; and
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first and second line illuminators coupled to the first and second single mode
fiber optic cables, respectively, for converting laser light from the respective source to
a line of radiation, the line illuminators each including a collimator arranged to
receive the laser light from the source and an aspherical lens for converting collimated
light from the collimator to the line of radiation; and

a focusing device for directing the line of radiation onto a plane at the surface

of a microarray.

67.  The system of claim 66, further comprising:

a-combiner for combining the lines of radiation from the first and second
illuminators;

means for confocally irradiating the microarray with the combined lines of
radiation and for returning radiation from the microarray; and

a detector for receiving the returned radiation and for generating signals for

use in analysis of the microarray.

68. A method for making a system for imaging a microarray comprising:

placing a laser light source, a line illuminator, a focusing device and a stage in
a configuration wherein:

the laser light source is coupled to the line illuminator via a single mode fiber
optic cable, the fiber optic cable configured for transmitting laser light from the
source in single mode transmission, and the line illuminator configured for converting
laser light from the source to a line of radiation,

the line illuminator includes a collimator arranged to receive the laser light
from the source and an aspherical lens for converting collimated light from the
collimator to the line of radiation;

the focusing device directs the line of radiation toward a plane; and

the stage is configured to place a microarray surface at the plane.

69. A method for imaging a microarray comprising:

generating laser light;
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transmitting the laser light to a line illuminator via a single mode fiber optic
cable, the fiber optic cable configured for transmitting laser light from the source in
single mode transmission, and the line illuminator configured for converting laser
light from the source to a line of radiation, the line illuminator including a collimator
arranged to receive the laser light from the source and an aspherical lens for
converting collimated light from the collimator to the line of radiation; and

directing the line of radiation with a focusing device, wherein the line of

radiation is directed onto a plane at the surface of a microarray.

70. A method for imaging a microarray comprising:

generating laser light at first and second wavelengths;

transmitting the first and second wavelength laser light to respective line
illuminators via respective first and second single mode fiber optic cables, each fiber
optic cable configured for transmitting laser light from the respective source in single
mode transmission, and each line illuminator configured for converting laser light
from the respective source to a line of radiation, each line illuminator including a
collimator arranged to receive the laser light from the source and an aspherical lens
for converting collimated light from the collimator to the line of radiation;

combining the lines of radiation from the line illuminators;

directing the combined lines of radiation with a focusing device, wherein the
line of radiation is directed onto a plane at the surface of a microarray, thereby
confocally irradiating the microarray with the combined lines of radiation; and

directing radiation returned from the microarray to a detector configured to

generate signals for analysis of the microarray.

71. A method for analyzing an array of discrete sites, comprising:

simultaneously detecting a first plurality of sites in a first line of the array;
and

simultaneously detecting a second plurality of sites in a second line of the
array;

wherein the second line is generally parallel to the first line,
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wherein a distance D separates the first line and the second line when passing
through nearest edges of the first and second plurality of sites, and
wherein the distance between the nearest edges of adjacent sites within each of

the plurality of sites is greater than D.

72.  The method of claim 71, wherein the array comprises a biological

microarray.

73.  The method of claim 71, wherein the array comprises discrete sites on

a surface.

74.  The method of claim 71, wherein the first plurality of sites is

simultaneously irradiated with a radiation line.

75. The method of claim 74, wherein the radiation line is moved across the
array to sequentially irradiate the first plurality of sites and the second plurality of

sites.
76.  The method of claim 74, wherein the first plurality of sites is
sequentially irradiated with radiation, and wherein return radiation from the sites

forms a line at a detector.

77. The method of claim 74, wherein the radiation line has a width less

than D,

78.  The method of claim 74, wherein the radiation line is confocally

directed to the sites along the first line and the second line.

79.  The method of claim 74, wherein the radiation line is substantially

continuous along a desired length extending over the plurality of sites.
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80.  The method of claim 71, wherein the sites have a generally symmetric

shape.

81.  The method of claim 71, wherein the sites are arranged in a generally

hexagonal grid,' and wherein the first and second lines are parallel to lines of the grid.

82.  The method of claim 71 further comprising returning radiation from

the sites to a detector that generates signals for analysis of the sites.

83. A method for analyzing an array of discrete sites comprising:
sequentially irradiating a series of lines of the sites, each line being irradiated
with a radiation line;
* wherein the distance between the nearest edges of adjacent sites in each of the
adjacent lines of sites is greater than the distance between parallel lines passing

through the nearest edges of the sites in the adjacent lines of sites.

84. A method for analyzing an array having discrete sites comprising:

(@), irradiating aline of the sites with radiation; |

(b) repeating step (a) for a plurality of lines of sites; and

(c) returning radiation from each of the lines of sites to a detector that
generates signals for analysis of the sites;

wherein the sites are disposed in a non-rectilinear grid on the array surface,
whereby the distance between the nearest edges of adjacent sites in each line of sites
is greater than the distance between parallel lines passing through the nearest edges of
the sites in adjacent lines of the plurality of lines of sites, and

wherein an image detected by the detector is confocal in the axis orthogonal to

the axes along the parallel lines.

85. A system for analyzing an array of discrete sites, the system configured
to:
simultaneously detect a first plurality of sites in a first line of the array; and

simultaneously detect a second plurality of sites in a second line of the array,
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wherein the second line is generally parallel to the first line,

wherein a distance D separates the first line and the second line when passing
through the nearest edges of the first and second plurality of sites, and

wherein the distance between the nearest edges of adjacent sites within each of

the plurality of sites is greater than D.

86. A system for analyzing an array of discrete sites, the system configured
to:

sequentially irradiate a series of lines of the sites, each line being irradiated
with a radiation line; '

wherein the distance between the nearest edges of adjacent sites in each of the
adjacent lines of sites is greater than the distance between parallel lines passing

through the nearest edges of the sites in the adjacent lines of sites.

87. A system for analyzing an array of discrete sites, the system conﬁgured
to:

(a) simultaneously irradiate a plurality of sites with a line of radiation;

(b) repeate step () for a plurality of lines of sites; and

(c) return radiation from each of the pluralities of sites to a detector that
generates signals for analysis of the sites;

wherein the sites are disposed in a non-rectilinear grid on the array surface,

wherein the distance between the nearest edges of adjacent sites in each line of
sites is greater than the distance between parallel lines passing through the nearest
edges of the sites in adjacent lines of the plurality of lines of sites, and

wherein an image detected by the detector is confocal in the axis orthogonal to

the axes along the parallel lines.

88. A system for analyzing an array of discrete sites, the system configured
to:
(a) sequentially irradiate a plurality of sites with radiation, wherein said

sites are disposed along a line,
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wherein the return radiation from the plurality of sites forms a line at a
detector; :

(b) repeat step (a) for a plurality of lines of the sites; and

(©) return radiation from each of the pluralities of sites to a detector that
generates signals for analysis of the sites;

wherein the sites are disposed in a non-rectilinear grid on the array surface,

wherein the distance between the nearest edges of adjacent sites in each line of
sites is greater than the distance between parallel lines passing through the nearest
edges of the sites in adjacent lines of the plurality of lines of sites, and

wherein an image detected by the detector is confocal in the axis orthogonal to

the axes along the parallel lines.
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