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transforming an illumination beam into a focal array of light spots, a
scanning mechanism for moving an object across one or more light spots
in the focal array of light spots, and a light detector for detecting light as-
m sociated with the focal array of light spots and generating light data asso-
ciated with the received light.
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HOLOGRAPHICALLY ILLUMINATED IMAGING DEVICES

CROSS-REFERENCES TO RELATED APPLICATIONS

[0001] This is a non-provisional application of and claims priority to U.S. Provisional
Patent Application No. 61/251,237 entitled “Approaches for Building Compact Fluorescence
Microscopes” filed on October 13, 2009 and to U.S. Provisional Patent Application No.
61/381,389 entitled “Fluorescence Optofluidic Microscope” filed on September 9, 2010.
These provisional applications are hereby incorporated by reference in their entirety for all

purposes.

[0002] This non-provisional application is related to the following co-pending and
commonly-assigned patent applications, which are hereby incorporated by reference in their

entirety for all purposes:

e [.S. Patent Application No. 12/398,050 entitled “Optofluidic Microscope Device
with Photosensor Array” filed on March 4, 2009.

e [.S. Patent Application No. 12/399,823 entitled “Scanning [llumination Microscope”
filed on March 6, 2009.

e U.S. Patent Application No. 12/886,779 entitled “Reflective Focusing and

Transmissive Projection Device” filed on September 21, 2010.
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BACKGROUND OF THE INVENTION

[0003] Embodiments of the present invention generally relate to sensing and imaging
devices. More specifically, certain embodiments relate to holographically illuminated

imaging devices used in microscopy and photography.

[0004] Microscopes and other optical microscopy devices are used extensively in
modern biomedicine and bioscience. Typically, conventional microscopes include an
objective lens, a platform for supporting a specimen, and an eyepiece containing lenses for
focusing images. These conventional microscope designs have bulky optics, and have proven
to be expensive and difficult to miniaturize. Further, since high resolution objective lenses
have a limited field of view, the specimen stage must be moved to increase the scope of the

view, which can be time-consuming.

[0005] A conventional confocal laser scanning microscope uses a laser beam to
provide light which is focused by an objective lens into a small focal volume at the specimen.
Scattered and reflected laser light as well as any fluorescence light from the illuminated spot
on the specimen is collected by the objective lens. The collected light is transmitted to a
beam splitter which separates out the light of interest and transmits it to a detection apparatus.
As the laser scans, an image can be obtained of the specimen. This technique can be time-

consuming.
BRIEF SUMMARY OF THE INVENTION

[0006] Embodiments of the present invention relate to holographic illumination in
sensing and imaging devices. More specifically, certain embodiments relate to
holographically illuminated imaging devices (HIIDs) having a holographic element to
transform a planar wavefront from an illumination beam into at least one focal array of light
spots in a fluid channel. A fluid flow moves an object through the light spots in the fluid
channel. The object alters the light (e.g., fluorophores absorb light and emit light of a
different light property). A light detector detects the altered light (e.g., emissions) and
generates time varying data which can be used to produce an image of the object. One
embodiment includes an HIID with a plurality of focal arrays along the fluid channel at
different depths, forming a three-dimensional focal array. This configuration can be used to
generate sectional images or three-dimensional images of the object moving through the fluid

channel.
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[0007] One embodiment is directed to a HIID comprising a holographic element
configured to transform an illumination beam from an illumination source into a focal array
of light spots. The HIID further comprises a scanning mechanism configured to move an
object across one or more light spots in the focal array of light spots. The HIID further
comprises a light detector configured to detect light associated with the focal array of light

spots, and generate light data associated with the received light.

[0008] Another embodiment is directed to a HIID comprising a body defining a fluid
channel. The HIID further comprises a holographic element configured to transform an
illumination beam from an illumination source into a focal array of light spots. The HIID
further comprises a beam splitter configured to reflect the focal array of light spots into the
fluid channel wherein a flow in the channel moves an object across one or more light spots in
the focal array of light spots. The beam splitter is further configured to transmit light altered
by the object. The HIID further comprises a light detector configured to detect light
associated with the focal array of light spots, and generate light data associated with the

received light.

[0009] Another embodiment is directed to a HIID comprising a holographic element
configured to transform an illumination beam into a plurality of focal arrays of light spots at
different focal planes. The HIID further comprises a scanning mechanism configured to
move an object across one or more light spots in the plurality of focal arrays of light spots.
The HIID further comprises a light detector configured to receive light associated with the
plurality of focal arrays of light spots, and generate light data associated with the received

light.

[0010] Another embodiment is directed to a system comprising a HIID and a
processor. The HIID includes a holographic element configured to transform an illumination
beam from an illumination source into a focal array of light spots. The HIID also includes a
scanning mechanism configured to move an object across one or more light spots in the focal
array of light spots. The HIID also includes a light detector configured to detect light
associated with the focal array of light spots, and generate light data associated with the
received light. The HIID also includes a processor in communication with the light detector.
The processor is configured to receive a signal with light data and generate an image of the

object based on the light data.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1 is a block diagram of components of an HIID system, in accordance

with embodiments of the disclosure.

[0012] FIG. 2(a) is a schematic drawing of a cross sectional view of components of

an HIID employing a microfluidic flow, according to embodiments of the invention.

[0013] FIG. 2(b) is a schematic drawing of a partial top view of components of the

HIID of FIG. 2(a), according to embodiments of the invention.

[0014] FIG. 3 is a schematic drawing of components of an HIID having a collection

component, according to embodiments of the invention.

[0015] FIG. 4 is a schematic drawing of components of an HIID having a collection
component including a diffraction optical element (DOE) and a beam block, according to

embodiments of the invention.

[0016] FIG. 5 is a schematic drawing of components of an HIID having a reflective

design, according to embodiments of the invention.

[0017] FIG. 6 is a schematic drawing of components of an HIID having multiple
focal arrays in series at different depths for sectional imaging or three-dimensional imaging,

according to embodiments of the invention.

[0018] FIG. 7 is a schematic drawing of components of an HIID having multiple
focal arrays in series with different differentiating elements for multi-spectral fluorescence or

phosphorescence imaging, according to embodiments of the invention.

[0019] FIG. 8(a) is a schematic drawing of a setup for off axis recording a

holographic element, according to embodiments of the invention.

[0020] FIG. 8(b) is a schematic drawing of a setup for inline recording a holographic

element, according to embodiments of the invention.

[0021] FIG. 9 is a block diagram of subsystems that may be present in computer

devices that are used in an HIID system, according to embodiments of the invention.
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DETAILED DESCRIPTION OF THE INVENTION

[0022] Embodiments of the present invention will be described below with reference
to the accompanying drawings. One embodiment includes an HIID having a holographic
element for illuminating a fluid channel carrying an object being imaged. The holographic
element transforms a planar wavelength of an illumination beam into an array of spherical
wavefront or approximately spherical wavefront to form a focal array of tightly confined light
spots diagonally extending across the fluid channel. As the object moves past light spots, the
light is altered (e.g., fluorophores absorb light and emit light of a different property). A
differentiating element transmits the altered light (e.g., emissions) to a light detector which
generates time varying data, which is used to generate images (e.g., fluorescent images) of

the object.

[0023] Some conventional imaging systems use a lens array to channel uniform light
into light spots. The spacing between the light spots is restricted by the diameter of the lens.
For example, to create an array of light spots with a spacing of 30 micron using an
appropriate lens array, each lens would have about a 30 micron diameter. The numerical

aperture of each lens is also limited by the lens diameter.

[0024] The HIID of embodiments does not have these restrictions because it uses a
holographic element. A holographic element can represent a series of overlapping effective
‘lenses.” The effective ‘lenses’ can channel an illumination beam into overlapping focal
cones and into light spots. Since the focal cones overlap, the spacing between the light spots
is not dependent on the diameter of the effective ‘lens.” The holographic element can also
have a much higher achievable numerical aperture than a lens array and may be capable of
generating higher resolution images. Examples of holographic elements that generate light
spots can be found in Wu, Jigang, Cui, Xiquan, Zheng, Guoan, Wang, Ying Min, Lee, Lap
Man, Yang, Changhuei, “Wide field-of-view microscope based on holographic focus grid
illumination,” Optics Letters, Vol. 35, No. 13, July 1, 2010, which is hereby incorporated by

reference in their entirety for all purposes.

[0025] The HIIDs of embodiments of the invention provide one or more advantages.
One advantage is that the HIID provides more localized illumination which can improve
image resolution. Since the holographic element does not have the same physical restrictions
of a lens array, the holographic element may be able to generate tighter focused light spots in

a shorter focal length, which can allow for higher resolution images. In a microfluidic flow
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application (e.g., an optofluidic microscope), a holographic element may provide tightly
focused lights spots within the short width of a fluid channel, which can provide better
illumination than conventional systems. This improved illumination can result in higher
resolution images. In some embodiments, image resolution of less than 0.6 micron can be
achieved. Another advantage is that the HIID has more effective usage of a given
illumination beam (e.g., excitation light) than conventional imaging devices. The use of a
holographic element allows for effective channeling of the light power in an illumination
beam into tightly confined light spots. In some embodiments, a holographic element of an
HIID may be able to channel up to 47% of an illumination beam into the light spots. Some
embodiments may be able to provide a local light intensity at the light spots of values of
about 3x10* W/cm®. Another advantage is that the HIID has few components in a simple
multi-layered structure that can be fabricated in an on-chip design. Since the HIID can be
designed in a multilayered structure, the device can be an on-chip design inexpensively
fabricated using standard semiconductor and micro/nanofabrication procedures. A multi-
layered on-chip design can also be easily miniaturized. Another advantage is that the HIID
can employ microfluidic flow for high throughput analyses and imaging. These microfluidic
flow methods can also be highly automated. Another advantage is that an HIID has the
flexibility of being designed with a focal plane away from the surface a fluid channel in a
microfluidic flow application. The HIID can be designed to locate the focal plane of the light
spots at any arbitrary height within the fluid channel so that the high resolution images can be
generated any arbitrary height. This flexibility is useful as it frees the restriction of having to

flow specimens with the objects close to either the channel floor or ceiling for good image

acquisition.
[0026] L. HIID System
[0027] FIG. 1 is a block diagram of components of an exemplary HIID system 10, in

accordance with embodiments of the disclosure. The HIID system 10 includes an HIID 100
communicatively coupled to a host computer 200. Although the illustrated embodiment
includes a single HIID 100 and a single host computer 200, other embodiments may include

two or more HIIDs 100 and/or host computers 200.

[0028] The HIID 100 includes an illumination source 110, a holographic element 120,
a scanning mechanism 130 and a light detector 140. The holographic element 120 transforms

a wavefront of an illumination beam (shown in FIG. 2(a)) by the illumination source 110 into
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an array of converging spherical wavefront to form a focal array of light spots 114 (shown in
FIG. 2(b)) to illuminate an object 150 (shown in FIG. 2(a)) being imaged by the HIID 100.
Although many embodiments show an array of converging spherical wavefront,
approximately spherical wavefront or other wavefront with well separate structure can be
used in other embodiments. The scanning mechanism 130 moves the focal array of light
spots relative to the object 150 or move the object 150 relative to the focal array of light
spots. The light detector 140 light altered (e.g., blocked, reduced intensity, and/or modified
wavelength or other light property) by the object 150. The light detector 140 generates light
data associated with light received by the light detector 140. Although the illustrated
embodiment includes a single illumination source 110, a single holographic element 120, a
single scanning mechanism 130 and a single light detector 140, other embodiments may

include any suitable number of these components.

[0029] The host computer 200 comprises a processor 210 (e.g., a microprocessor)
communicatively coupled to the light detector 140, a computer readable medium (CRM) 210,
and a display 230. The processor 200 receives signals with light data from the light detector
140. The processor 210 executes code stored on the CRM 210 to generate images or
otherwise analyze the object 150 using the light data. The images and other output can be
shown on the display 230. Any suitable images can be generated such as photoluminescence
images, intensity images, phase images, differential interference contrast (DIC) images, etc.

A photoluminescence image can refer to a fluorescence image or a phosphorescence image.

[0030] The illumination source 110 may be a component of the HIID 100 or may be
separate from the HIID 100. The illumination source 110 may be provided by any suitable
device(s). Some suitable devices include light-emitting diodes (LLED), laser of suitable
wavelength, broadband source (e.g., mercury lamp, halogen lamp, etc.) with a suitable filter,
etc. Suitable illumination sources are commercially available. The illumination source 110
may be placed in any suitable location to generate the appropriate wavefront at the
holographic element 120. The illumination source 110 may provide an illumination beam of
any suitable wavelength, intensity, phase, polarization, spin angular momentum or other light
property, and any suitable spatial distribution. In exemplary embodiments, the illumination
source 110 provides an illumination beam with the same wavelength, same spatial
distribution and/or other light properties, but not necessarily the same intensity, as the
reference beam used to record the holographic element 120. In exemplary

fluorescence/phosphorescence embodiments, the illumination source 110 provides excitation
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light having a first light property (e.g., first wavelength) matching the excitation wavelength
of the fluorophores in an object 150 being imaged. The fluorophores are excited by the
excitation light and emit light (emissions) of a second light property (e.g., second
wavelength). Some examples of suitable excitation light include fluorescence, 2-photon or
higher order fluorescence, Raman, second harmonic or higher order, or other emission
mechanism that results in emissions at a different wavelength or other different light property

than the excitation light.

[0031] As used herein, a holographic element 120 refers to a suitable holographic
film/plate/crystal capable of converting an illumination beam 111 (shown in FIG. 2(a)) from
an illumination source 110 into a focal array of light spots 114 (shown in FIG 2(b)). In many
illustrated embodiments, the holographic element 120 transforms a wavefront of the
illumination beam 111 from the illumination source 110 into an array of spherical wavefront
to form a focal array of light spots 114. In other embodiments, the holographic element 120
may also transform a wavefront, planar or otherwise, from the illumination source 110 into an
approximately spherical wavefront or other wavefront having a well separated structure. The
holographic element 120 can be made of any suitable materials. Some examples of suitable
holographic materials include photographic emulsions, dichromated gelatin, and photoresists.
The holographic element 120 can have any suitable dimensions (e.g., 1 mm x 1 mm, 2 mm x
2mm, 5 mm x 2 mm, 10 mm x 10 mm, 10 mm x 50 mm, etc.). The holographic element 120
can be made using any holographic recording technique capable of encoding (recording) data
about the focal array of light spots. Some examples of suitable holographic recording
techniques include in-line (Gabor) and off-axis (Leith-Upatnieks). To play back the
recording, the holographic element 120 can be illuminated by an illumination beam having
the same wavelength, same spatial distribution, but not necessarily the same intensity, as the
reference beam used to record the holographic element 120. Use of a holographic element
120 can allow for effective channeling of light power from the illumination source 110 into

the light spots 115.

[0032] The focal array of light spots 114 (shown in FIG. 2(b)) can have any suitable
number of light spots (e.g., 1, 10, 100, 200, etc.) and can be any suitable array or combination
of arrays. Some examples of suitable arrays include a one-dimensional array, a two-
dimensional array, a three-dimensional array, and a multiplicity of one-dimensional, two-
dimensional, and/or three-dimensional arrays. The arrays can have any suitable orientation or

combination of orientations. In some embodiments, a three-dimensional array can be used to
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image at different depth positions of the specimen having the object 150 being imaged. For
example, FIG. 6 is an illustration of an embodiment of an HIID 100 having a holographic
element 120 generating a three-dimensional focal array of light spots 600 along the
longitudinal axis of the fluid channel 132 and at different focal planes through the depth of
the fluid channel 132. In FIG. 6, the three-dimensional array 600 is comprised of a plurality
of n one-dimensional focal arrays of light spots 114(1)-114(n) at n different focal planes
116(1)-116(n) at different depths of the fluid channel 132. As an object 150 moves through
the fluid channel 132, the light spots illuminate the object 150 at different focal planes and
the object 150 alters the light. The light data can be used to generate sectional images of the

object 150 at different depths and/or generate three-dimensional images of the object 150.

[0033] Each light spot 115 can be of any suitable size. Some examples of suitable
diameters (FWHM) are 0.4 microns, 0.6 microns, 0.8 microns, 1 micron, etc. In one
exemplary embodiment, the light spot diameter is 0.6 microns (FWHM). Any suitable
spacing (5 microns, 10 microns, 15 microns, etc.) can be used between the light spots 115. In

one exemplary embodiment, a light spot spacing of 20 microns is used.

[0034] In some embodiments, the holographic element 120 can be replaced by a
diffractive optical element (DOE) in the HIID 100. A DOE refers to any suitable structure
capable of diffracting light to generate a desired light pattern such as a focal array of light
spots. Some examples of suitable DOEs include a Fresnel Zone plate, diffraction grating,
photon sieve, etc. The DOE can be made of any suitable material and may have any suitable
dimensions (e.g2., I mm x 1 mm, 2 mm x 2 mm, 5 mm x 2 mm, 10 mm x 10 mm, 10 mm x 50
mm, etc.). In some cases, using DOEs may be advantageous because they have a
comparatively high shelf life. DOEs are also suitable for nanofabrication and semiconductor

fabrication technique.

[0035] As used herein, the scanning mechanism 130 refers to a suitable device(s)
capable of moving the object 150 being imaged relative to the light spots or the light spots
relative the object 150 to substantially illuminate the object 150. The scanning mechanism
130 can be based on any suitable method including, for example, microfluidic flow methods,
optical tweezing methods, and scanning methods (raster scanning, linear scanning, etc.). An
example of a scanning mechanism 130 employing a microfluidic flow method includes a
fluid channel 132 having a fluid flow with the object 150 being imaged. In another example,

the scanning mechanism 130 may include a raster scanning device for raster scanning the
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object 150 or specimen stage with the object 150 through the light spots or raster scanning the
light spots over the object 150. The scanning mechanism 130 can be in any suitable location

that does not block the light from the illumination source 110.

[0036] A light detector 140 (e.g., a photosensor) refers to any suitable device capable
of detecting light and generating signals with light data. The signals may be in the form of
electrical current that results from the photoelectric effect. The light detector can be a single
detector, a one-dimensional detector array, or a two-dimensional detector array. Some
examples of single detectors include a photo-diode (PD), an avalanche photo-diode (APD)
and a photomultiplier tubes (PMT). Some examples of one-dimensional or two-dimensional
detector arrays include a charge coupled device (CCD) array, a complementary metal-oxide-

semiconductor (CMOS) array, an APD array, a PD array, a PMT array, etc.

[0037] The light detector 140 includes one or more discrete light detecting elements
140(a) (shown in FIG. 2(a)) of any suitable size (e.g., 1-10 microns) and any suitable shape
(e.g., circular or square). For example, a CMOS or CCD light detecting element 140(a) may
be 1-10 microns and an APD or PMT light detecting element 140(a) may be as large as 1-4
mm. The light detecting elements 140(a) can be arranged in any suitable form such as a one-
dimensional array, a two-dimensional array, or a multiplicity of one-dimensional and/or two-
dimensional arrays. The arrays can be in any suitable orientation or combination of
orientations. In some cases, the light detecting elements 140(a) can be arranged to
correspond to the focal array of light spots 114 (shown in FIG. 2(b)). For example, the light
detecting elements 140(a) can have the same form as the focal array of light spots 114 so that

one or more light detecting elements 140(a) corresponds to a light spot.

[0038] The light detecting elements 140(a) can detect any suitable light data. Light
data refers to any suitable information related to the light detected by the light detecting
elements 140(a). Light data may include, for example, information about the properties of
the light detected such as the intensity of the light, the wavelength(s) of the light, the
frequency or frequencies of the light, the polarization(s) of the light, the phase(s) of the light,
the spin angular momentum(s) of the light, and/or other light properties associated with the
light detected by the light detecting elements 140(a). Light data may also include the
location of the light detecting element 140(a) associated with the light data and the time that
the light was detected by the light detecting element 140(a). The light data may be data

based on a single time, based on multiple times, or on a time varying basis. In some

10
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embodiments such as the microfluidic flow embodiments, the light data may be time varying

data.

[0039] The system 10 also includes a host computer 200 communicatively coupled to
the light detector 140. The host computer 200 comprises a processor 210 (e.g., a
microprocessor) coupled to a computer readable medium (CRM) 210 and a display 230.

Alternatively, one or more components of the host computer 200 can be part of the HIID 100.

[0040] The processor 210 receives signals with light data from the light detector 140
associated with the light received by the light detecting elements 140(a). The processor 210
executes code stored on the CRM 220 to perform some of the functions of system 10 such as
interpreting the light data from the light detector 142, performing analyses from the light data

and/or generating images from the light data.

[0041] The CRM 220 (e.g., memory) stores code for performing some functions of
system 10. The code is executable by the processor 210. In one embodiment, the CRM 220
comprises: a) code for interpreting the light data received from the light detector 142, b) code
for performing analyses based on the light data, c) code for generating one or more images
from the light data, d) code for displaying one or more images, and e) any other code for

performing the functions of system 10.

[0042] The display 230 is communicatively coupled to the processor 210 to receive
output data such as image data. Any suitable display may be used. In one embodiment, the
display 230 may be part of the HIID 100. The display 230 may provide output such as
images to a user of the HIID 100.

[0043] Modifications, additions, or omissions may be made to HIID system 10
without departing from the scope of the disclosure. For example, other embodiments of the
HIID system 10 may not include a display 230. In addition, the components of system 10
may be integrated or separated according to particular needs. For example, the processor 210
may be integrated into the light detector 140 so that the light detector 140 performs all the

functions of the processor 210 in some embodiments.
[0044] I1. HIID Configurations

[0045] Several configurations of HIIDs 100 are described below. The first
configuration includes an HIID 100 using a microfluidic flow method as a scanning

mechanism 130. The second configuration adds a collection component 170 for collecting

11
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light for detection by the light detector 140. The third configuration is a reflective design
including a beam splitter. The fourth configuration uses a three-dimensional focal array of
light spots to sectionally image the object 150 at different depths. Although the illustrated
embodiments of these configurations use microfluidic flow, other scanning mechanisms 130

can be used in these configurations.
[0046] A. Configuration 1

[0047] FIG. 2(a) is a schematic drawing of cross sectional view of components of an
HIID 100 employing a microfluidic flow method, according to embodiments of the invention.
FIG. 2(b) is a drawing of a partial top view of components of the HIID 100 shown in FIG.
2(a) taken at the focal plane 116, according to embodiments of the invention. The drawing in
FIG. 2(a) is a cross-section A-A of the HIID 100 in FIG. 2(b) through a focal array of light
spots 114.

[0048] In FIGS. 2(a) and 2(b), the HIID 100 includes a multi-layered body 131 with
a holographic element 120 and an illumination source 110 providing an illumination beam
111 at the holographic element 120. The multi-layered body 131 also defines or includes a
fluid channel 132 having a fluid flow with the object 150 being imaged. The fluid channel
132 has a first surface 134 and a second surface 136 on opposite sides of the fluid channel
132. The body 131 also includes an optional differentiating element 160 located outside the
second surface 136 of the fluid channel 132 and a light detector 140 located outside the

differentiating element 160.

[0049] In the illustrated embodiment, the holographic element 120 transforms the
planar wavefront of the illumination beam 111 from the illumination source 110 into an array
of converging spherical wavefront. In other embodiments, the holographic element 120 may
also transform a wavefront, planar or otherwise, from the illumination source 110 into an
approximately spherical wavefront or other wavefront having a well separated structure. In
the illustrated embodiment, each volume is hour-glass shaped, forming a focal cone 112
converging to a light spot 115 at the focal plane 116 and spreading to a spreading volume
117. The array of spherical wavefront forms the focal array of light spots 114. The focal
array of light spots 114 includes light spots 115 collectively extending across the fluid
channel 132 or across a portion of the fluid channel 132. An object 150 moving through the
fluid channel 132 can alter (e.g., block, reduce intensity, change wavelength, or otherwise

modify a light property) the light. The altered light spreads into an altered light volume 118.

12
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The differentiating element 160 transmits light altered by the object 150. The light detector
140 receives light and generates time varying light data based on the received light as the
object 150 moves through the fluid channel 132. A processor 210 (shown in FIG. 1) can use

the time varying light data to generate images or otherwise analyze the object 150.

[0050] The HIID 100 also includes an x-axis, a y-axis, and a z-axis. The x-axis and a
y-axis lie in the plane of the second surface 136 of the fluid channel 132. The x-axis lies
along a longitudinal axis of the fluid channel 132. The z-axis is orthogonal to the x-axis and

the y-axis.

[0051] In the illustrated example, the body 131 is a multi-layered structure. In other
embodiments, the body 131 may be a single, monolithic structure. The layers of the body
131 may include any suitable material or combination of materials having any suitable
thickness. The layers of the body 131 may also include any suitable devices (e.g.,
holographic element 120, light detector 140). Although FIGS. 2(a) and 2(b) have certain
layers, other embodiments of the invention may integrate, omit, or add one or more layers or
change the location of one or more layers in the body 131. For example, the body 131 may
also include a collection component 170 (shown in FIG. 3) between the fluid channel 132
and the differentiating element 160 or between the differentiating element 160 and the light
detector 140 in some embodiments. As another example, the body 131 may also include a
layer (e.g., a protective layer) made of opaque, semi-opaque, or transparent material that lies
between the second surface 136 of the fluid channel 132 and the layer with the differentiating

element 160 or outside the first surface 134.

[0052] The fluid channel 132 may have any suitable dimensions. For example, the
height of the fluid channel 132 can range from 1-20 microns and the width can range from
10-500 microns in some cases. In one embodiment, the fluid channel 132 may be sized based
on the size of the objects 150 being imaged by the HIID 100. For example, the height of the

fluid channel may be sized to be about the diameter of the object 150.

[0053] In microfluidic flow embodiments, the fluid flow in the fluid channel 132 is
generally in the direction of the x-axis along a longitudinal axis of the fluid channel 132.
Any suitable technique may be used for providing fluid flow and particulate transport of the
objects 100 in the fluid channel 132 of these embodiments. Some convention techniques
include pressure drive flow, electrokinetic transport, discrete droplet translocation via

electrowetting, or thermocapilarity techniques. Other techniques may include gravity drive
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flow, hydrodynamic focusing, dielectrophoresis, and optical tweezing. Any suitable control
device(s) may be used to control the flow of fluid and/or movement of the object 150 through
the fluid channel 132. Some examples of suitable control devices include micropumps, direct
current (DC) electrokinetic devices, dielectrophoresis electrodes, and/or hydrodynamic

focusing channels.

[0054] The illumination source 110 may be a component of the HIID 100 or may be
separate from the HIID 100. The illumination source 110 may be provided by any suitable
device(s). Some suitable devices include light-emitting diodes (LED), laser of suitable
wavelength, broadband source (e.g., mercury lamp, halogen lamp, etc.) with a suitable filter,
etc. Suitable illumination sources are commercially available. The illumination source 110
may be placed in any suitable location to generate the appropriate wavefront at the
holographic element 120. In the illustrated embodiment, the illumination source 110
provides an illumination beam 111 with the same wavelength, same spatial distribution
and/or other light properties, but not necessarily the same intensity, as the reference beam
used to record the holographic element 120. In exemplary fluorescence and phosphorescence
embodiments, the illumination source 110 provides excitation light having a first light
property (e.g., first wavelength) matching the excitation wavelength of the fluorophores in an
object 150 being imaged. The fluorophores are excited by the excitation light and emit light
(emissions) of a second light property (e.g., second wavelength). Some examples of suitable
excitation light include fluorescence, 2-photon or higher order fluorescence, Raman, second
harmonic or higher order, or other emission mechanism that results in emissions at a different

wavelength or other different light property than the excitation light.

[0055] The holographic element 120 transforms the planar wavefront of the
illumination beam 111 from the illumination source 110 into an array of converging spherical
wavefront to form a focal array of light spots 114 at the focal plane 116. In other
embodiments, the holographic element 120 may also transform a wavefront, planar or
otherwise, from the illumination source 110 into an approximately spherical wavefront or
other wavefront having a well separated structure. The holographic element 120 can be made
of any suitable materials. The holographic element 120 can have any suitable dimensions
(e.g., 1mmx 1 mm, 2 mm x 2 mm, 5 mm x 2 mm, 10 mm x 10 mm, 10 mm x 50 mm, etc.).
The holographic element 120 can be made using any holographic recording technique
capable of encoding (recording) data about the focal array of light spots. To play back, the

holographic element 120 can be illuminated by a beam having the same wavelength, same

14



WO 2011/047053 PCT/US2010/052512

spatial distribution, but not necessarily the same intensity, as the reference beam used to

record the holographic element 120.

[0056] In FIGS. 2(a) and 2(b), the focal array of light spots 114 includes a one-
dimensional array of light spots 115 located at an angle, o with respect to the x-axis. The
angle, o can be any suitable angle (e.g., 5 degrees, 10 degrees,...90 degrees, ...170 degrees,
etc. ). In many cases, the light spots 115 collectively extend diagonally across the fluid
channel 132. In other cases, the light spots 115 may collectively extend in a direction parallel
to the y-axis and across the fluid channel 132. Any suitable number of light spots 115 can be
used (e.g., 1, 10, 50, 100, 500, etc.). In some cases, the number of light spots 115 may be
determined by the number of light spots 115 needed to collectively extend across a width of
the fluid channel 132 where the objects 150 being examined flow. Although FIGS. 2(a) and
2(b) show the HIID 100 having a single one-dimensional focal array of light spots 114, other
embodiments may have a two-dimensional array, a three-dimensional array, or a combination

of one, two, and/or three-dimensional arrays.

[0057] Each light spot 115 can be of any suitable size. Some examples of suitable
diameters (FWHM) are 0.4 microns, 0.6 microns, 0.8 microns, 1 micron, etc. In one
exemplary embodiment, the light spot diameter is 0.6 microns (FWHM). Any suitable
spacing (5 microns, 10 microns, 15 microns, etc.) can be used between the light spots 115. In

one exemplary embodiment, a light spot spacing of 20 microns is used.

[0058] In the illustrated example, the scanning mechanism 130 employs a
microfluidic flow method. The scanning mechanism 130 includes the fluid channel 132
defined by the body 131 and the fluid carrying the object 150 through the fluid channel 132.
Although the illustrated embodiment includes a scanning mechanism 130 employing a
microfluidic flow method, other methods (e.g., optical tweezing, scanning method, etc.) can
be used in other embodiments. For example, one embodiment may have a scanning
mechanism 130 that includes a scanning device (e.g., raster scanner, linear scanner, etc.) for
scanning the object 150 or specimen stage with the object 150 through light spots 115 or
scanning the light spots 115 across or through the object 150.

[0059] In the illustrated embodiment, the light detector 140 detects light and
generates signals with time varying light data about the properties of the light detected. Some
examples of light properties that can be detected include intensity, wavelength, frequency,

polarization, phase, spin angular momentum, etc. The light detector can be a single detector,
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a one-dimensional detector array, or a two-dimensional detector array. Some examples of
single detectors include a photo-diode (PD), an avalanche photo-diode (APD) and a
photomultiplier tubes (PMT). Some examples of one-dimensional or two-dimensional
detector arrays include a charge coupled device (CCD) array, a complementary metal-oxide-
semiconductor (CMOS) array, an APD array, a PD array, a PMT array, etc. The light
detector 140 may be a monochromatic or a color detector. For example, the light detector
140 may be a color light detector that generates light data that can be used to generate color

images.

[0060] The light detector 140 includes an array of discrete light detecting elements
140(a) of any suitable size (e.g., 1-10 microns) and any suitable shape (e.g., circular or
square). The array of light detecting elements 140(a) may be a one-dimensional array or a
two-dimensional array. The array or arrays can be in any suitable orientation or combination
of orientations. In the illustrated example, the array is a two-dimensional array of light
detecting elements 140(a) located at an angle, o with respect to the x-axis. Any suitable
angle can be used. In the illustrated example, each light detecting element 140(a) detects
light associated with a single light spot 115. In other cases, each light detecting element
140(a) may detect light from more than one light spot 115. Other embodiments may also
have a plurality (e.g., 2 x 2 grid, 4 x 4 grid, etc.) of light detecting elements 140(a) from the
two-dimensional array of light detecting elements 140(a) that detects light from a single light
spot 115.

[0061] In FIGS. 2(a) and 2(b), the object 150 is shown at a time (t = t;) as the object
150 moves through the fluid channel 132 generally in the x-direction. Although the object
150 is shown as a cell, other embodiments may include other suitable object(s). Some
examples of suitable objects include biological and inorganic entities. Some examples of
biological entities include whole cells, cell components, microorganisms such as bacteria or
viruses, cell components such as proteins, etc. Any suitable number of objects 150 may be

imaged and/or analyzed using the HIID 100.

[0062] The body 131 of the HIID 100 may optionally include a differentiating
element 160 located outside the second surface 136. A differentiating element 160 refers to
any suitable device(s) (e.g., optical filters) capable of selectively transmitting light having
select light properties (e.g., polarization, wavelength, frequency, intensity, phase, spin

angular momentum, etc.) while substantially removing light the remaining light by any
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suitable method such as reflection, absorption or interference. Some examples of suitable
devices include filters (e.g., interference filters, absorption filters, etc.). Any type of filter can
be used such as dichroic filters, monochromatic filters, etc. In one embodiment, a
polarization filter may be used. In the illustrated embodiment, the differentiating element
160 includes an interference filter 160(a) and an absorption filter 160(b). The interference
filter 160(a) transmits the altered light and removes remaining light from the illumination
source 110 by interference. The absorption filter absorbs remaining light from the
illumination source 110. In fluorescence and phosphorescence applications, the
differentiating element 160 may be used to transmit emissions from fluorophores in the

object 150 and substantially removes excitation light.

[0063] In an exemplary operation, the illumination source 110 provides an
illumination beam 111 at the holographic element 120. The holographic element 120
transforms the planar wavefront of the illumination beam 111 from the illumination source
110 into an array of converging spherical wavefront. In other embodiments, the holographic
element 120 may also transform a wavefront, planar or otherwise, from the illumination
source 110 into an approximately spherical wavefront or other wavefront having a well

separated structure.

[0064] In the exemplary operation, each volume is hour-glass shaped, forming a focal
cone 112 converging to a light spot 115 at the focal plane 116 and spreading to a spreading
volume 117. The array of spherical wavefront forms the focal array of light spots 114. The

focal array of light spots 114 is formed at the focal plane 116 in the fluid channel 132.

[0065] During operation, a fluid, within which the object 150 is suspended, flows
through the fluid channel 132. As the object 150 flows through the fluid channel 132, the
object 150 alters (blocks, reduces intensity, modifies wavelength or other light property or
spatial distribution) the light in the fluid channel 132. FIGS. 2(a) and 2(b) show the object
150 at a specific time (t = t;) proximal a single light spot 115. At this time, light altered by
the object 150 spreads from the site of the single light spot 115 in the form of an altered light
volume 118. Although the illustration shows altered light only originating from the site of a
light spots 1185, altered light may also originate from other areas (e.g., focal cones 112 and

spreading cones) in other embodiments.
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[0066] The differentiating element 160 transmits the altered light (e.g., reduced
intensity, altered wavelength, etc.) to the light detecting elements 140(a). Light that does not

interact with the object 150 is at least partially removed by the differentiating element 160.

[0067] In the illustrated embodiment, each light detecting element 140(a) receives
light associated a single corresponding light spot 115 in the focal array 114. In other
embodiments, each light detecting element 140(a) may receive light associated with other
light spots 115. The light detecting elements 140(a) receive light and generate time varying
light data about the light as the object 150 moves through the fluid channel 132. The
processor 210 receives a signal with time varying light data. The processor 210 uses the time
varying light data to generate line scans associated with the y-locations of the light detecting
elements 140(a). Each line scan is associated with a light spot 115. The time varying light
data from the light detecting elements 140(a) is dependent on the profile of the object 150 as
well as its optical properties. The processor 210 can reconstruct an image of the object 150
by appropriately shifting and assembling the line scans, and optionally other data such as

rotation, velocity of the object 150, and changes in shape of the object 150, etc.

[0068] The HIID 100 can be used to generate any suitable type of image such as a
fluorescence image, phosphorescence image, intensity images, phase image, differential
interference contrast (DIC) image, etc. The images can be black and white images, grey tone

images, color images, etc.

[0069] In one exemplary embodiment, the HIID 100 can be used in fluorescence or
phosphorescence imaging (collectively, photoluminescence imaging). The specimen with
one or more objects 150 may be prepared by mixing a reagent with the specimen. The
reagent may be suitable chemical for attaching (tagging) portions (e.g., molecules of a cell
nucleus) of the objects 150 with fluorophores. A fluorophore refers to a component of a
molecule which causes the molecule to be fluorescent or phosphorescent. The resulting fluid
is introduced into the fluid channel 132 of the HIID 100. The illumination source 110
provides an illumination beam 111 of excitation light having a first light property (e.g., first
wavelength, first polarization, etc.) that can excite the fluorophores in the object 150. The
holographic element 120 transforms the wavefront of the illumination source 110 of
excitation light into an array of converging spherical wavefront, nearly spherical wavefront,
or other wavefront having a well separated structure to form a focal array of light spots 114

of excitation light. The fluorophores absorb the excitation light and emit light (emissions)
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having a second light property (e.g., a second wavelength, a second polarization, etc.). The
emissions spread from site of the light spot 115 in the form of an altered light volume 118.
The differentiating element 160 transmits emissions and substantially removes remaining
light. The light detector 140 detects light and generates time varying light data associated
with the received light as the object 150 flows through the flow channel 132. The processor
210 receives a signal from the light detector 140 having time varying data and generates one
or more fluorescence or phosphorescence images of the object 150 based on the time varying

data.

[0070] In one embodiment, the holographic element 120 can be replaced by one or
more diffractive optical elements (DOE) (e.g., a Freznel zone plate (FZP), diffraction grating,
photon sieve, etc.) at the same location illuminated by the illumination beam 111. The DOE
diffracts the illumination beam 111 to generate the focal cones 112 and focal array of light
spots 114. The DOE can be made of any suitable material and may have any suitable
dimensions (e.g., I mm x Imm, 2 mm x 2 mm, ..., 10mm x 10 mm). Using DOEs may be
advantageous because they have a high shelf life. DOFEs are also suitable for nanofabrication

and semiconductor fabrication technique.
[0071] B. Configuration 2 - HIID 100 with Collection Component

[0072] In some embodiments, the HITD 100 includes a collection component 170 for
collecting light for detection by the light detector 140. FIG. 3 is a schematic drawing of
components of an HIID 100 having a collection component 170, according to embodiments
of the invention. The drawing in FIG. 3 is a cross sectional view of components HIID 100 at
a line through a focal array of light spots 114. In FIG. 3, an illumination source 110 provides

an illumination beam 111 to a holographic element 120.

[0073] In FIG. 3, the HIID 100 has a multi-layered body 131 including the
holographic element 120. The multi-layered body 131 also defines or includes a fluid
channel 132 having a fluid flow with an object 150 being imaged. The fluid channel 132 has
a first surface 134 and a second surface 136 on opposite sides of the fluid channel 132. The
body 131 also includes a collection component 170 outside the second surface 136 of the
fluid channel 132, an optional differentiating element 160 located outside the collection

component 170, and a light detector 140 located outside the differentiating element 160.

[0074] In the illustrated embodiment, the holographic element 120 transforms the

planar wavefront of the illumination beam 111 from the illumination source 110 into an array
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of converging spherical wavefront. In other embodiments, the holographic element 120 may
also transform a wavefront, planar or otherwise, from the illumination source 110 into an
approximately spherical wavefront or other wavefront having a well separated structure. In
the illustrated embodiment, each volume is hour-glass shaped, forming a focal cone 112
converging to a light spot 115 at the focal plane 116 and spreading to a spreading volume
117. The array of spherical wavefront forms the focal array of light spots 114. The focal
array 114 includes light spots 115 that collectively extend across the fluid channel 132 or
across a portion of the fluid channel 132. An object 150 moving through the fluid channel
132 can alter (e.g., block, reduce intensity, change wavelength, or otherwise modify a light
property) light. The altered light spreads in an altered light volume 118. The collecting
component 170 refocuses light transmitted through the second surface 136 into an array of
collections spots 119 at an outside surface of the collection component 170. The
differentiating element 160 transmits light altered by the object 150. The light detector 140
receives light and generates time varying light data based on the received light as the object
150 moves through the fluid channel 132. A processor 210 (shown in FIG. 1) can use the
time varying light data to generate images or otherwise analyze the object 150. Using a
collection component 170 can be advantageous in improving the quality of the light data
collected at the light detector 140 which can improve the quality of the images and other
analyses performed by the HIID 100. In fluorescence and phosphorescence applications, a
collection component 170 can be advantageous to collect emissions that may be highly

scattered and weak.

[0075] The HIID 100 also includes an x-axis and a z-axis. The x-axis lies along a

longitudinal axis of the fluid channel 132. The z-axis is orthogonal to the x-axis.

[0076] In the illustrated embodiment, the body 131 is a multi-layer structure. The
layers of the body 131 may include any suitable material or combination of materials having
any suitable thickness. The layers of the body 131 may also include any suitable devices
(e.g., holographic element 120, light detector 140). Other embodiments may integrate, omit,
or add one or more layers or change the location of one or more layers in the body 131. For
example, the collection component 170 may be omitted in some embodiments. As another
example, the body 131 may also include a protective layer made of opaque, semi-opaque, or
transparent material that lies between the second surface 136 of the fluid channel 132 and the

layer with the differentiating element 160 or outside the first surface 134.
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[0077] The fluid channel 132 may have any suitable dimensions. For example, the
height of the fluid channel 132 can range from 1-20 microns and the width can range from
10-500 microns in some cases. In one embodiment, the fluid channel 132 may be sized based
on the size of the objects 150 being imaged by the HIID 100. For example, the height of the
fluid channel may be sized to be about the diameter of the object 150. The fluid flow in the
fluid channel 132 is generally in the direction of the x-axis along a longitudinal axis of the
fluid channel 132. Any suitable technique (e.g., pressure drive flow, electrokinetic transport,
discrete droplet translocation via electrowetting, thermocapilarity techniques, gravity drive
flow, hydrodynamic focusing, dielectrocphoresis, optical tweezing, etc.) may be used for
providing fluid flow and particulate transport of the objects 100 in the fluid channel 132.
Any suitable control device(s) (e.g., micropumps, direct current (DC) electrokinetic devices,
dielectrophoresis electrodes, hydrodynamic focusing channels, etc.) may be used to control

the flow of fluid and/or movement of the object 150 through the fluid channel 132.

[0078] The illumination source 110 may be a component of the HIID 100 or may be
separate from the HIID 100. The illumination source 110 may be provided by any suitable
device(s). Some suitable devices include light-emitting diodes (LED), laser of suitable
wavelength, broadband source (e.g., mercury lamp, halogen lamp, etc.) with a suitable filter,
etc. Suitable illumination sources are commercially available. The illumination source 110
may be placed in any suitable location to generate the appropriate wavefront at the
holographic element 120. In the illustrated embodiment, the illumination source 110
provides an illumination beam 111 with the same wavelength, same spatial distribution
and/or other light properties, but not necessarily the same intensity, as the reference beam
used to record the holographic element 120. In exemplary fluorescence and phosphorescence
embodiments, the illumination source 110 provides excitation light having a first light
property (e.g., first wavelength) matching the excitation wavelength of the fluorophores in an
object 150 being imaged. The fluorophores are excited by the excitation light and emit light
(emissions) of a second light property (e.g., second wavelength). Some examples of suitable
excitation light include fluorescence, 2-photon or higher order fluorescence, Raman, second
harmonic or higher order, or other emission mechanism that results in emissions at a different

wavelength or other different light property than the excitation light.

[0079] In the illustrated embodiment, the holographic element 120 transforms the
planar wavefront of the illumination beam 111 from the illumination source 110 to an array

of converging spherical wavefront to form a focal array of light spots 114 at the focal plane
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116. In other embodiments, the holographic element 120 may also transform a wavefront,
planar or otherwise, from the illumination source 110 into an approximately spherical
wavefront or other wavefront having a well separated structure. The holographic element
120 can be made of any suitable materials and have any suitable dimensions (e.g., 1 mm x
Imm, 2 mm x 2mm, ...,10 mm x 10 mm, etc.). The holographic element 120 can be made
using any holographic recording technique capable of encoding (recording) data about the
focal array of light spots. To play back, the holographic element 120 can be illuminated by a
beam having the same wavelength, same spatial distribution, but not necessarily the same

intensity, as the reference beam used to record the holographic element 120.

[0080] In FIG. 3, the focal array of light spots 114 includes a one-dimensional array
of light spots 115 located at an angle, o (shown in FIG. 2(b)) with respect to the x-axis. The
angle, o can be any suitable angle (e.g., 5 degrees, 10 degrees, ...90 degrees, ...170 degrees,
etc.). Any suitable number of light spots 115 can be used (e.g., 1, 10, 50, 100, 500, etc.).
Although FIG. 3 has a single one-dimensional focal array of light spots 114, other
embodiments may have a two-dimensional array, a three-dimensional array, or a combination

of one, two, and/or three-dimensional arrays.

[0081] Each light spot 115 can be of any suitable size. Some examples of suitable
diameters (FWHM) are 0.4 microns, 0.6 microns, 0.8 microns, 1 micron, etc. In one
exemplary embodiment, the light spot diameter is 0.6 microns (FWHM). Any suitable
spacing (5 microns, 10 microns, 15 microns, etc.) can be used between the light spots 115. In

one exemplary embodiment, a light spot spacing of 20 microns is used.

[0082] In the illustrated example, the scanning mechanism 130 employs a
microfluidic flow method. The scanning mechanism 130 includes the fluid channel 132
defined by the body 131 and the fluid carrying the object 150 through the fluid channel 132.
Although the illustrated embodiment includes a scanning mechanism 130 employing a
microfluidic flow method, other methods (e.g., optical tweezing, scanning method, etc.) can
be used in other embodiments. For example, one embodiment may have a scanning
mechanism 130 that includes a scanning device (e.g., raster scanner, linear scanner, etc.) for
scanning the object 150 or specimen stage with the object 150 through light spots 115 or
scanning the light spots 115 across or through the object 150.

[0083] In the illustrated embodiment, the light detector 140 detects light and

generates signals with time varying light data about the properties of the light detected. Some
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examples of light properties that can be detected include intensity, wavelength, frequency,
polarization, phase, spin angular momentum, etc. The light detector 140 can be a single
detector, a one-dimensional detector array, or a two-dimensional detector array of light
detecting elements 140(a). Some examples of single detectors include a photo-diode (PD),
an avalanche photo-diode (APD) and a photomultiplier tubes (PMT). Some examples of one-
dimensional or two-dimensional detector arrays include a charge coupled device (CCD)
array, a complementary metal-oxide-semiconductor (CMOS) array, an APD array, a PD
array, a PMT array, etc. The light detector 140 may be a monochromatic or a color detector.
For example, the light detector 140 may be a color light detector that generates light data that

can be used to generate color images.

[0084] The light detector 140 includes an array of discrete light detecting elements
140(a) of any suitable size (e.g., 1-10 microns) and any suitable shape (e.g., circular or
square). The array of light detecting elements 140(a) may be a one-dimensional array or a
two-dimensional array. The array or arrays can be in any suitable orientation or combination
of orientations. In the illustrated example, the array is a two-dimensional array of light
detecting elements 140(a) located at an angle, o with respect to the x-axis. Any suitable
angle can be used. In the illustrated example, each light detecting element 140(a) detects
light associated with a single light spot 115. In other cases, each light detecting element
140(a) may detect light from more than one light spot 115. Other embodiments may also
have a plurality (e.g., 2 x 2 grid, 4 x 4 grid, etc.) of light detecting elements 140(a) from the
two-dimensional array of light detecting elements 140(a) that detects light from a single light
spot 115.

[0085] In FIG. 3, the object 150 is shown at a time (t = t;) as the object 150 moves
through the fluid channel 132 generally in the x-direction. Although the object 150 is shown
as a cell, other embodiments may include other suitable object(s) (e.g. biological and
inorganic entities). Any suitable number of objects 150 may be imaged and/or analyzed

using the HIID 100.

[0086] The body 131 of the HIID 100 may optionally include a differentiating
element 160 located outside the second surface 136. The differentiating element 160
selectively transmits altered light while substantially removing the remaining light. The
differentiating element 160 includes an interference filter 160(a) and an absorption filter

160(b). The interference filter 160(a) transmits the altered light and removes remaining light
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from the illumination source 110 by interference. The absorption filter absorbs remaining
light from the illumination source 110. In fluorescence and phosphorescence applications, a
differentiating element 160 may be used to transmit emissions from fluorophores in the

object 150 and substantially remove excitation light.

[0087] The collection component 170 refers to a device(s) capable of refocusing light
passing through the second surface 136 and associated with each light spot 115 to one or
more light detecting elements 140(a). By refocusing the altered light, the detection
efficiency may be increased. The collection component 170 can include any suitable device
or combination of suitable devices. Some examples of suitable devices include a refractive

lens or other diffractive elements (e.g., Fresnel zone plate).

[0088] The collection component 170 can refocus light into any suitable light
distribution at any suitable plane(s). In some embodiments, the light distribution may be a
tightly confined collection spot 119. In other embodiments, the light distribution may be a
wider distribution that can be detected by one or more light detecting elements 140(a). The
collection component 170 may be in any suitable location. For example, the collection
component 170 may be located between the differentiating element 160 and the light detector
140 of the HIID 100 shown in FIG. 2(a). As another example, the collection component 170
can be located between the second surface 136 of the fluid channel 132 and the

differentiating element 160 as shown in FIG. 3.

[0089] In FIG. 3, the collection component 170 refocuses light associated with each
light spot 115 into an array of collection spots 119 at the outside surface of the collection
component 170. Light transmitted through the second surface 136 continues spreading until
the mid portion of the collection component 170. At the mid portion, the light no longer
spreads and focuses to an array of collection spots 119 on the outer surface of the collection
component 170. Any suitable device or devices (e.g., refractive lenses) may be used to

provide for this collection.

[0090] FIG. 4 is a schematic drawing of components of an HIID 100 having a
collection component 170 including a DOE (e.g., Fresnel zone plate, diffraction grating,
photon sieve, etc.) 172 and a beam block 174, according to embodiments of the invention.
The drawing is a cross sectional view through a portion of the HIID 100 having a light spot
115 of the focal array of light spots 114. The diffractive element 172 refers to a device

capable of modifying light passing through the second surface 136 into collection spots
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119(a) and 119(b). A beam block 174 can refer to a suitable device capable of blocking all
light. In an exemplary fluorescence or phosphorescence operation, a beam block 174 can be

designed to remove the unscattered excitation light.

[0091] In FIG. 4, the HIID 100 includes a multi-layered body 131 and an
illumination source 110 providing an illumination beam 111. The body 131 includes a
holographic element 120 and defines or includes a fluid channel 132 having a fluid flow with
an object 150 being imaged. The fluid channel 132 has a first surface 134 and an opposing
second surface 136. The body 131 also includes the collection component 170 having a DOE
172 and beam block 174, an optional differentiating element 160, a light detector 140, an x-
axis, and a z-axis. By using a beam block 174, the differentiating element 160 in the HIID
100 can be less powerful and potentially smaller so that the HIID 100 having a beam block
174 can be more compact. In these embodiments, the addition of a collection component 170
with a beam block 174 can allow for a more compact HIID 100 and a more compact system

10.

[0092] In FIG. 4, the collection component 170 refocuses the light passing through
the second surface 136. The DOE 172 or holographic elements or a refractive lens focuses
the unscattered light (e.g., excitation light) passing through the second surface 136 from the
spreading volume 117 to a plane where the beam block 174 is located. The beam block 174
blocks the light focused at the beam block 174. The DOE 172 focuses the light altered by the
object 150 (e.g., emissions) that pass through the second surface 136 from altered light
volume 118 into a second collection spot 119(b) at the detector plane at the outer surface of

the collection component 170.

[0093] In an exemplary operation of an HIID 100 with a collection component 170,
the illumination source 110 provides the illumination beam 111. The holographic element
120 transforms the wavefront, planar or otherwise, of the illumination source 110 into an
array of spherical wavefront, nearly spherical wavefront, or other wavefront having a well
separated structure to form a focal array of light spots 114 at the focal plane 116 in the fluid

channel 132. The light spreads in the form of spreading volumes 117.

[0094] As fluid flows through the fluid channel 132, the object 150 alters light in the
fluid channel 132. FIG. 3 shows the object 150 at a specific time (t = t;). The altered light
spreads from each site of the light spot 115 in the form of an altered light volume 118.

Although the illustration shows altered light only originating from the site of the light spots
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115, altered light may also originate from other areas (e.g., focal cones 112) in other
embodiments. The collection component 170 refocuses light passing through the second
surface 136 into an array of collection spots 119. In some cases, the collection component
may have devices such as a beam block 174 that block light that did not interact with the
object 150. The differentiating element 160 removes any light that did not interact with the
object 150 and that transmits through the outer surface of the collection component 170. The
differentiating element 160 transmits light altered by the object 150 to the light detecting

elements 140(a).

[0095] In this exemplary operation, each light detecting element 140(a) receives light
associated with a single corresponding light spot 115 in the focal array 114. In other
embodiments, each light detecting element 140(a) may receive light associated with other
light spots 115. The light detecting elements 140(a) receive light and generate time varying
light data about the light as the object 150 moves through the fluid channel 132. The
processor 210 receives a signal with time varying light data and uses the time varying light
data to generate line scans associated with the y-locations of the light detecting elements
140(a). Each line scan is associated with a light spot 115. The time varying light data from
the light detecting elements 140(a) is dependent on the profile of the object 150 as well as its
optical properties. The processor 210 can reconstruct an image of the object 150 by
appropriately shifting and assembling the line scans, and optionally other data such as

rotation, velocity of the object 150, and changes in shape of the object 150, etc.

[0096] The HIID 100 including a collection component 170 can be used to generate
any suitable type of image such as a fluorescence image, phosphorescence image, intensity
images, phase image, differential interference contrast (DIC) image, etc. For example, the
HIID 100 with a collection component 170 can be used in fluorescence or phosphorescence
imaging. In this example, the illumination source 110 provides an illumination beam 111 of
excitation light having a first light property that can excite fluorophores in the object 150. In
the illustrated embodiment, the holographic element 120 transforms the planar wavefront of
the illumination beam 111 of excitation light into an array of converging spherical wavefront.
In other embodiments, the holographic element 120 may also transform a wavefront, planar
or otherwise, from the illumination source 110 into an approximately spherical wavefront or
other wavefront having a well separated structure. In the illustrated embodiment, the
spherical wavefront are in the form of focal cones 112 converging to a focal array of light

spots 114 of excitation light. The fluorophores absorb the excitation light and emit light

26



WO 2011/047053 PCT/US2010/052512

(emissions) having a second light property. The emissions spread from site of the light spot
115 in the form of an altered light volume 118. The collection component 170 refocuses light
passing through the second surface 136 into an array of collection spots 119. The
differentiating element 160 transmits emissions and substantially removes remaining light.
The light detector 140 detects light and generates time varying light data associated with the
received light as the object 150 flows through the flow channel 132. The processor 210
receives a signal from the light detector 140 having time varying data and generates one or
more fluorescence or phosphorescence images of the object 150 based on the time varying

data.

[0097] In one embodiment, the holographic element 120 can be replaced by one or
more diffractive optical elements (DOE) (e.g., a Freznel zone plate (FZP), diffraction grating,
photon sieve, etc.) at the same location illuminated by the illumination beam 111. The DOE
diffracts the illumination beam 111 to generate the focal cones 112 and focal array of light
spots 114. The DOE can be made of any suitable material and may have any suitable
dimensions (e.g2., I mm x Imm, 2 mm x 2 mm, ..., 10mm x 10 mm). Using DOEs may be
advantageous because they have a high shelf life. DOFEs are also suitable for nanofabrication

and semiconductor fabrication technique.
[0098] C. Configuration 3 - Reflective Design with Beam Splitter

[0099] In some embodiments, the HIID 100 has a reflective design configuration with
a beam splitter 190. A beam splitter 190 refers to an optical device capable of splitting a
single beam of light of a particular type into two or more beams of light of different types
(e.g., different wavelengths, different polarizations, etc.). In a fluorescence or
phosphorescence application, the beam splitter 190 can be designed to reflect excitation light
and transmit emitted light (emissions) from fluorophores. The beam splitter 190 can be in

any suitable form (e.g., cube, half-silvered mirror, etc.).

[0100] FIG. 5 is a schematic drawing of components of a reflective design
configuration of an HIID 100 having a beam splitter 190 in the form of a cube, according to
embodiments of the invention. The drawing in FIG. § is a cross sectional view of the HIID

100 at a line through the focal array of light spots 114.

[0101] In FIG. 5, the HIID 100 includes a multi-layered body 131 defining or
including a fluid channel 132 having a fluid flow carrying an object 150 being imaged or

otherwise analyzed. The fluid channel 132 has a first surface 134 and a second surface 136
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on opposite sides of the fluid channel 132. The HIID 100 also includes an x-axis along a

longitudinal axis of the fluid channel 132 and a z-axis orthogonal to the x-axis.

[0102] The HIID 100 also includes a beam splitter 190 coupled at a first outer surface
to the fluid channel 132, a holographic element 120 coupled to a second outer surface of the
beam splitter 190, an illumination source 110 providing an illumination beam 111 to the
holographic element 120, and an optional differentiating element 160 outside a third outer
surface of the beam splitter 190. The first and third surfaces are opposing surfaces of the
cube of the beam splitter 190. The beam splitter 190 splits light at a splitting plane 192
located at a 45 degree angle with respect to the x-axis of the fluid channel 132. In the
illustrated embodiment, the beam splitter 190 reflects light with properties of the illumination
beam 111 and transmits light having other properties. The HIID 100 also includes a
collection component 170 coupled to the outside of the differential element 160 and a light

detector 140 coupled to the outside of the collection component 170.

[0103] In an exemplary operation, the holographic element 120 transforms the planar
wavefront of the illumination beam 111 from the illumination source 110 into an array of
converging spherical wavefront. In other embodiments, the holographic element 120 may
also transform a wavefront, planar or otherwise, from the illumination source 110 into an
approximately spherical wavefront or other wavefront having a well separated structure. In
the exemplary operation, each volume is hour-glass shaped, forming a focal cone 112
converging to a light spot 115 at the focal plane 116 and spreading to a spreading volume
117. The array of spherical wavefront forms the focal array of light spots 114. Light from
the illumination beam 111 is reflected at the splitting plane 192 of the beam splitter 190 and
transmitted through the second surface 136 of the fluid channel 132 to form the focal array of
light spots 114 in the fluid channel 132. A fluid with the suspended object 150 flows through
the fluid channel 132. As the object 150 moves across the focal array 114, the object 150
alters light from each light spot 115. The altered light (e.g., fluorescent emissions) from the
site of the light spot 115 is transmitted through the splitting plane 192 of the beam splitter
190. The altered light is in the form of an altered light volume 118. The differentiating
element 160 transmits the altered light and the collection component 170 refocuses light into

a collection spot 119 at light detector 140.

[0104] In the illustrated embodiment, the body 131 is a multi-layer structure having

layers of suitable material or combination of materials having any suitable thickness. The
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layers of the body 131 may also include suitable devices. In the illustrated embodiment, the
body 131 defines or includes a fluid channel 132 having any suitable dimensions. The body
131 also includes the beam splitter 190, the differentiating element 160, the collection
component 170, and the light detector 140. Other embodiments may integrate, omit, or add
one or more layers or change the location of one or more layers in the body 131. For
example, the body 131 may also include a layer made of opaque, semi-opaque, or transparent
material that lies between the second surface 136 of the fluid channel 132 and the layer with

the differentiating element 160 or outside the first surface 134.

[0105] The fluid channel 132 may have any suitable dimensions. For example, the
height of the fluid channel 132 can range from 1-20 microns and the width can range from
10-500 microns in some cases. In one embodiment, the fluid channel 132 may be sized based
on the size of the objects 150 being imaged by the HIID 100. For example, the height of the
fluid channel may be sized to be about the diameter of the object 150. The fluid flow in the
fluid channel 132 is generally in the direction of the x-axis along a longitudinal axis of the
fluid channel 132. Any suitable technique (e.g., pressure drive flow, electrokinetic transport,
discrete droplet translocation via electrowetting, thermocapilarity techniques, gravity drive
flow, hydrodynamic focusing, dielectrocphoresis, optical tweezing, etc.) may be used for
providing fluid flow and particulate transport of the objects 100 in the fluid channel 132.
Any suitable control device(s) (e.g., micropumps, direct current (DC) electrokinetic devices,
dielectrophoresis electrodes, hydrodynamic focusing channels, etc.) may be used to control

the flow of fluid and/or movement of the object 150 through the fluid channel 132.

[0106] The illumination source 110 may be a component of the HIID 100 or may be
separate from the HIID 100. The illumination source 110 may be provided by any suitable
device(s). The illumination source 110 may be placed in any suitable location to generate the
appropriate wavefront at the holographic element 120. In the illustrated embodiment, the
illumination source 110 provides an illumination beam 111 with the same wavelength, same
spatial distribution and/or other light properties, but not necessarily the same intensity, as the
reference beam used to record the holographic element 120. In exemplary fluorescence and
phosphorescence embodiments, the illumination source 110 provides suitable excitation light
having a first light property (e.g., first wavelength) matching the excitation wavelength of the
fluorophores in an object 150 being imaged. The fluorophores are excited by the excitation

light and emit light (emissions) of a second light property (e.g., second wavelength).
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[0107] In the illustrated embodiment, the holographic element 120 transforms the
planar wavefront of the illumination beam 111 from the illumination source 110 into an array
of converging spherical wavefront to form a focal array of light spots 114 at the focal plane
116. In other embodiments, the holographic element 120 may also transform a wavefront,
planar or otherwise, from the illumination source 110 into an approximately spherical
wavefront or other wavefront having a well separated structure. The holographic element
120 can be made of any suitable materials and have any suitable dimensions (e.g., 1 mm x
Imm, 2 mm x 2mm, ...,10 mm x 10 mm, etc.). The holographic element 120 can be made
using any holographic recording technique capable of encoding (recording) data about the
focal array of light spots. To play back, the holographic element 120 is illuminated by an
illumination beam 111 having the same wavelength, same spatial distribution, but not
necessarily the same intensity, as the reference beam used to record the holographic element

120.

[0108] In FIG. 5, the focal array of light spots 114 includes a one-dimensional array
of light spots 115 located at an angle, o (shown in FIG. 2(b)) with respect to the x-axis. The
angle, o0 can be any suitable angle (e.g., 5 degrees, 10 degrees, 45, degrees,...,170 degrees,
etc.). Any suitable number of light spots 115 can be used (e.g., 1, 10, 50, 100, 500, etc.).
Each light spot 115 can be of any suitable size. Some examples of suitable diameters
(FWHM) are 0.4 microns, 0.6 microns, 0.8 microns, 1 micron, etc. In one exemplary
embodiment, the light spot diameter is 0.6 microns (FWHM). Any suitable spacing (5
microns, 10 microns, 15 microns, etc.) can be used between the light spots 115. In one

exemplary embodiment, a light spot spacing of 20 microns is used.

[0109] In the illustrated example, the scanning mechanism 130 employs a
microfluidic flow method. The scanning mechanism 130 includes the fluid channel 132
defined by the body 131 and the fluid carrying the object 150 through the fluid channel 132.
Although the illustrated embodiment includes a scanning mechanism 130 employing a
microfluidic flow method, other methods (e.g., optical tweezing, scanning method, etc.) can
be used in other embodiments. For example, one embodiment may have a scanning
mechanism 130 that includes a scanning device (e.g., raster scanner, linear scanner, etc.) for
scanning the object 150 or specimen stage with the object 150 through light spots 115 or
scanning the light spots 115 across or through the object 150.
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[0110] The light detector 140 detects light and generates signals with time varying
light data about the light properties (e.g., intensity, wavelength, frequency, polarization,
phase, spin angular momentum, etc.) of the light detected. The light detector 140 can be a
single detector, a one-dimensional detector array, or a two-dimensional detector array of light
detecting elements 140(a) (shown in FIG. 2(a)). Some examples of single detectors include
a photo-diode (PD), an avalanche photo-diode (APD) and a photomultiplier tubes (PMT).
Some examples of one-dimensional or two-dimensional detector arrays include a charge
coupled device (CCD) array, a complementary metal-oxide-semiconductor (CMOS) array, an
APD array, a PD array, a PMT array, etc. In some cases, each light detecting element 140(a)
detects light associated with a single light spot 115. In other cases, each light detecting
element 140(a) may detect light from more than one light spot 115. In some cases, a plurality
(e.g., 2 x 2 grid, 4 x 4 grid, etc.) of light detecting elements 140(a) from the two-dimensional
array of light detecting elements 140(a) detects light from a single light spot 115. The light
detector 140 may be a monochromatic or a color detector. For example, the light detector
140 may be a color light detector that generates light data that can be used to generate color

images.

[0111] In FIG. 4, the object 150 is shown at a time (t = t;) as the object 150 moves
through the fluid channel 132 generally in the x-direction. Although the object 150 is shown
as a cell, other embodiments may include other suitable object(s) (e.g. biological and
inorganic entities). Any suitable number of objects 150 may be imaged and/or analyzed

using the HIID 100.

[0112] The body 131 of the HIID 100 may optionally include a differentiating
element 160 outside a third outer surface of the beam splitter 190. The differentiating
element 160 selectively transmits light altered by the object 150 while substantially removing
other remaining light. In fluorescence and phosphorescence applications, a differentiating
element 160 may be used to transmit emissions from fluorophores in the object 150 and

substantially remove excitation light.

[0113] The collection component 170 refers to a device(s) capable of refocusing light
associated with each light spot 115 that is transmitted through the differentiating element 160,
into a collection spot 119 at one or more light detecting elements 140(a) of the light detector
140. The collection component 170 can include any suitable device or combination of

suitable devices (e.g., refractive lens or other diffractive elements). The collection
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component 170 can refocus light into any suitable light distribution at any suitable plane(s).
In the illustrated example, the light distribution is a tightly confined collection spot 119. In
other embodiments, the light distribution may be a wider distribution that can be detected by
a single light detecting element 140(a) or by a grid of corresponding light detecting elements
140(a).

[0114] The beam splitter 190 splits a light beam of a particular type into two or more
beams of light of different types (e.g., different wavelengths, different polarizations, etc.). In
a fluorescence or phosphorescence application, the beam splitter 190 can be designed to
reflect excitation light and transmit emissions. The beam splitter 190 can be of any suitable
design form (e.g., cube, half-silvered mirror, dichroic mirrored prism, etc.) including any
suitable device(s). In FIG. 4, the beam splitter 190 is a cube including two triangular
portions. The beam splitter 190 includes a splitting plane 192 at the interface between two
triangular portions. In some cases, the splitting plane 192 within the beam splitter 190 may
be coated with a dichroic layer which reflects the light of the same type as the illumination

beam (e.g., excitation light) and transmit light of other types (e.g., fluorescent emissions).

[0115] In one embodiment, the beam splitter 190 can be a polarized beam splitter. In
this embodiment, the illumination beam 111 can be excitation light that is linearly polarized
and can be reflected by the polarized beam splitter to form the focal array 114. In this

example, about 50% of the emission may pass through the polarized beam splitter.

[0116] In an exemplary operation, the illumination source 120 provides an
illumination beam 111. The holographic element 120 transforms the planar wavefront of the
illumination beam 111 into an array of spherical wavefront to form a focal array of light spots
114. In other embodiments, the holographic element 120 may also transform a wavefront,
planar or otherwise, from the illumination source 110 into an approximately spherical
wavefront or other wavefront having a well separated structure. In the exemplary operation,
the light is reflected at the splitting plane 192 located at a 45 degree angle with respect to the
x-axis of the fluid channel 132 so that the light spots 115 are formed in the fluid channel 132.
As the object 150 moves through the fluid channel 132, the object 150 alters light from each
light spot 115. The altered light (e.g., fluorescent emissions) from each light spot 115 is
transmitted through the splitting plane 192 of the beam splitter 190. FIG. 5 shows a single
object 150 at a specific time (t = t;) altering light at a single light spot 115. At this time, light
altered by the object 150 spreads from the site of the light spot 115 in the form of an altered
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light volume 118. The differentiating element 160 transmits the altered light and removes
other light. At this time, the collection component 170 refocuses light altered by the object
150 at a single collection spot 119 at light detector 140. The light detecting elements 140(a)
receive light and generate time varying light data about the light as the object 150 moves
through the fluid channel 132. The processor 210 receives a signal with time varying light
data and uses the time varying light data to generate line scans associated with the y-locations
of the light detecting elements 140(a). Each line scan is associated with a light spot 115. The
time varying light data from the light detecting elements 140(a) is dependent on the profile of
the object 150 as well as its optical properties. The processor 210 can reconstruct an image
of the object 150 by appropriately shifting and assembling the line scans, and optionally other

data such as rotation, velocity of the object 150, and changes in shape of the object 150, etc.

[0117] The HIID 100 can be used to generate any suitable type of image such as a
fluorescence image, phosphorescence image, intensity images, phase image, differential
interference contrast (DIC) image, etc. In a fluorescence or phosphorescence imaging
example, the HIID 100 provides an illumination beam 111 of excitation light having a first
light property that can excite fluorophores in the object 150. The holographic element 120
transforms the wavefront of the illumination source 120 of excitation light into an array of
spherical wavefront, approximately spherical wavefront or other wavefront having a well
separated structure to form a focal array of light spots 114 of excitation light. The excitation
light is reflected by the splitting plane 192 to form the focal array of light spots 114 in the
fluid channel 132. The fluid channel 132 has a fluid flow with the object 150 being imaged.
The fluorophores absorb excitation light and emit light (emissions) having a second light
property different from the first light property. At a specific time (t = t;), an object 150 alters
the light from a single light spots 115 as illustrated in FIG. 5. The emissions spread from site
of the light spot 115 in the form of an altered light volume 118. In some cases, emissions
also spread from the site of the focal cones 112. The splitting plane 192 transmits the
emissions and the collection component 170 refocuses the emissions into a collection spot
119 associated with a light spot 115. As the object 150 moves through the fluid channel 132,
the light detector 140 detects light and generates time varying light data associated with the
received light. The processor 210 receives a signal from the light detector 140 having time
varying data and generates one or more fluorescence or phosphorescence images of the object

150 based on the time varying data.
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[0118] In one embodiment, the holographic element 120 can be replaced by one or
more diffractive optical elements (DOE) (e.g., a Freznel zone plate (FZP), diffraction grating,
photon sieve, etc.) at the same location illuminated by the illumination beam 111. The DOE
diffracts the illumination beam 111 to generate the focal cones 112 and focal array of light
spots 114. The DOE can be made of any suitable material and may have any suitable
dimensions (e.g., I mm x Imm, 2 mm x 2 mm, ..., 10mm x 10 mm). Using DOEs may be
advantageous because they have a high shelf life. DOFEs are also suitable for nanofabrication

and semiconductor fabrication technique.
[0119] E. Configuration 4 — Multiple Focal Arrays

[0120] The cost and complication of combining multiple HIID 100 illustrated in
FIG. 2(a) into a single HIID 100 with multiple focal arrays 114 can be relatively minor in
many cases. Having multiple focal arrays 114 in a single HIID 100 may provide one or more
advantages. HIID 100 with multiple focal arrays 114 multiplexed in parallel can be used in
parallel processing to boost throughput. Other HIID 100 can have focal arrays in series to
perform more detailed analysis of the same specimen. For example, an HIID 100 with a
series of focal arrays each having a differentiating element 160 that passes a different
emission light (e.g., light of a different wavelength) can be used to perform multi-spectral
fluorescence imaging. As another example, an HIID 100 with a series of focal arrays at
different focal planes 116 can be used to generate sectional images and three dimensional

images of an object 150 as shown in FIG 6.

[0121] One design approach for combining multiple HIID 100 into a single HIID 100
with multiple focal arrays 114 in series is to employ a long fluid channel 132 through which
can flow a specimen with object(s) 150. The focal arrays 114 can be located separately along
the fluid channel 132 to separately image the same specimens. Any suitable spacing between

the focal arrays can be used (e.g., 10 microns, 20 microns, etc.).
[0122] 1. Sectional Imaging and Three-dimensional Imaging

[0123] FIG. 6 is an illustrated example of an HIID 100 with multiple focal arrays 114
that can be designed by combining multiple HIIDs 100 of FIG. 2(a) in series into a single
HIID 100 employing a long fluid channel 132. FIG. 6 is a schematic drawing of components
of an HIID 100 having multiple focal arrays 114 in series at different depths for sectional

imaging and/or three-dimensional imaging, according to embodiments of the invention.
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[0124] In FIG. 6, the HIID 100 includes a three-dimensional focal array of light spots
600 employing a microfluidic flow for generating sectional images (x-y images of the
specimen at different z-values) at different depths through a fluid channel 132 and/or
generating three-dimensional images, according to embodiments of the invention. The three-
dimensional focal array of light spots 600 is comprised of a plurality of n one-dimensional
focal arrays 114(1),...,114(n) (n =2, 3, 4, 5, etc.) at different focal planes 116(1),...,116(n) at
different depths of the fluid channel 132. The plurality of n focal arrays 114(1),...,114(n) are
located at n different depths through the fluid channel 132 and at n different x locations along
the longitudinal axis of the fluid channel 132. The HIID 100 can be used to take sectional
images of an object 150 at different depths associated with the n focal planes 116(1)
»+++,116(n) during a single pass through the fluid channel 132.

[0125] In FIG. 6, the HIID 100 includes a multi-layered body 131 with a holographic
element 120 and an illumination source 110 providing an illumination beam 111 at the
holographic element 120. The multi-layered body 131 also defines or includes a fluid
channel 132 having a fluid flow with the object 150 being imaged. The fluid channel 132 has
a first surface 134 and a second surface 136 on opposite sides of the fluid channel 132. The
body 131 also includes an optional differentiating element 160 located outside the second
surface 136 of the fluid channel 132 and a light detector 140 located outside the
differentiating element 160. The differentiating element 160 includes an interference filter
160(a) and an absorption filter 160(b) for removing light having the same light properties as

the illumination beam 111.

[0126] In the illustrated embodiment, the holographic element 120 transforms the
planar wavefront of the illumination beam 111 from the illumination source 110 into n arrays
of converging spherical wavefront. Any suitable number can be used for n (e.g., 1, 5, 10,
100, 200, etc.). In other embodiments, the holographic element 120 may also transform a
wavefront, planar or otherwise, from the illumination source 110 into an approximately

spherical wavefront or other wavefront having a well separated structure.

[0127] In the illustrated embodiment, each volume is hour-glass shaped, forming a
focal cone 112 converging into a light spot 115 and spreading into a spreading volume 117.
The n arrays of spherical wavefront form n focal arrays of light spots 114(1),...,114(n) at
corresponding focal planes 116(1),...,116(n). Each of the focal arrays 114(1),...,114(n)

includes light spots 115 collectively extending across the fluid channel 132 or across a
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substantial portion of the fluid channel 132. Fach focal array is located at a different focal
plane 116(1),...,116(n) at different depths through the fluid channel 132. An object 150
moving through the fluid channel 132 can alter (e.g., block, reduce intensity, change
wavelength, or otherwise modify a light property) the light in the fluid channel 132. The
altered light is in the form of altered light volumes 118 (shown in FIG. 2(a)). The
differentiating element 160 transmits light altered by the object 150. The light detector 140
receives light and generates time varying light data based on the received light as the object
150 moves through the fluid channel 132. A processor 210 (shown in FIG. 1) can use the
time varying light data to generate sectional images of the object(s) 150 at different depths
associated with the focal planes 116(1)...116(n). Any type of sectional image can be
generated such as a fluorescence or phosphorescence image, intensity image, phase image,

differential interference contrast (DIC) image, etc.

[0128] The HIID 100 also includes an x-axis, a y-axis, and a z-axis. The x-axis and a
y-axis lie in the plane of the second surface 136 of the fluid channel 132. The x-axis lies
along a longitudinal axis of the fluid channel 132. The z-axis is orthogonal to the x-axis and

the y-axis.

[0129] In the illustrated example, the body 131 is a multi-layered structure. In other
embodiments, the body 131 may be a single, monolithic structure. The layers of the body
131 may include any suitable material or combination of materials having any suitable
thickness. The layers of the body 131 may also include suitable devices (e.g., holographic
element 120, light detector 140). Although FIG. 6 has certain layers at certain locations,
other embodiments of the invention may integrate, omit, or add one or more layers or change
the location of one or more layers in the body 131. For example, the body 131 may also
include a collection component 170 (shown in FIG. 3) between the fluid channel 132 and the
differentiating element 160 or between the differentiating element 160 and the light detector
140 in some embodiments. As another example, the body 131 may also include a layer (e.g.,
a protective layer) made of opaque, semi-opaque, or transparent material that lies between the
second surface 136 of the fluid channel 132 and the layer with the differentiating element 160

or outside the first surface 134.

[0130] The fluid channel 132 may have any suitable dimensions. For example, the
height of the fluid channel 132 can range from 1-20 microns and the width can range from

10-500 microns in some cases. In one embodiment, the fluid channel 132 may be sized based
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on the size of the objects 150 being imaged by the HIID 100. For example, the height of the
fluid channel may be sized to be about the diameter of the object 150. The fluid flow in the
fluid channel 132 is generally in the direction of the x-axis along a longitudinal axis of the
fluid channel 132. Any suitable technique (e.g., pressure drive flow, electrokinetic transport,
discrete droplet translocation via electrowetting, thermocapilarity techniques, gravity drive
flow, hydrodynamic focusing, dielectrocphoresis, optical tweezing, etc.) may be used for
providing fluid flow and particulate transport of the objects 100 in the fluid channel 132.
Any suitable control device(s) (e.g., micropumps, direct current (DC) electrokinetic devices,
dielectrophoresis electrodes, hydrodynamic focusing channels, etc.) may be used to control

the flow of fluid and/or movement of the object 150 through the fluid channel 132.

[0131] The illumination source 110 may be a component of the HIID 100 or may be
separate from the HIID 100. The illumination source 110 may be provided by any suitable
device(s). Some suitable devices include light-emitting diodes (LED), laser of suitable
wavelength, broadband source (e.g., mercury lamp, halogen lamp, etc.) with a suitable filter,
etc. Suitable illumination sources are commercially available. The illumination source 110
may be placed in any suitable location to generate the appropriate wavefront at the
holographic element 120. In the illustrated embodiment, the illumination source 110
provides an illumination beam 111 with the same wavelength, same spatial distribution
and/or other light properties, but not necessarily the same intensity, as the reference beam
used to record the holographic element 120. In exemplary fluorescence and phosphorescence
embodiments, the illumination source 110 provides excitation light having a first light
property (e.g., first wavelength) matching the excitation wavelength of the fluorophores in an
object 150 being imaged. The fluorophores are excited by the excitation light and emit light
(emissions) of a second light property (e.g., second wavelength). Some examples of suitable
excitation light include fluorescence, 2-photon or higher order fluorescence, Raman, second
harmonic or higher order, or other emission mechanism that results in emissions at a different

wavelength or other different light property than the excitation light.

[0132] The holographic element 120 transforms the planar wavefront of the
illumination beam 111 from the illumination source 110 into n arrays of converging spherical
wavefront to form n focal arrays of light spots 114(1),...,114(n) at corresponding focal planes
116(1),...,116(n) at different depth through the fluid channel 132. The holographic element
120 can be made of any suitable material(s). The holographic element 120 can have any

suitable dimensions (e.g., ] mm x 1 mm, 2 mm x 2 mm, 5 mm x 2 mm, 10 mm x 10 mm, 10
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mm x 50 mm, etc.). The holographic element 120 can be made using any holographic
recording technique capable of encoding (recording) data about the focal array of light spots.
To play back, the holographic element 120 can be illuminated by a beam having the same
wavelength, same spatial distribution, but not necessarily the same intensity, as the reference

beam used to record the holographic element 120.

[0133] In FIG. 6, the holographic element forms n one-dimensional focal arrays of
light spots 114(1),...,114(n) at different depths through the fluid channel 132 and at different
x locations along the fluid channel 132. The n one-dimensional focal arrays of light spots
114(1),...,114(n) form the three-dimensional array of light spots 600. Any suitable number
(e.g., 2,3,5,10, 20, 50, 100, etc.) of one-dimensional focal arrays, n can be used. Each one-
dimensional focal array 114(i) (i = 1 to n) is located at an angle, o with respect to the x-axis.
The angle, o may be any suitable angle (e.g., 5 degrees, 10 degrees,...90 degrees, ...170
degrees, etc. ). In many cases, all the focal arrays 114(1),...,114(n) will be located at the
same angle, o angle. In some cases, the light spots 115 collectively extend diagonally across
the fluid channel 132. In other cases, the light spots 115 may collectively extend in a
direction parallel to the y-axis and across the fluid channel 132. Although the focal arrays
114 in the illustrated example have three light spots115, any suitable number of light spots
115 can be used (e.g., 1, 10, 50, 100, 500, etc.) in other embodiments. In some cases, the
number of light spots 115 may be determined by the number of light spots 115 needed to
collectively extend across a width of the fluid channel 132 where the object(s) 150 being

examined flow.

[0134] Each light spot 115 can be of any suitable size. Some examples of suitable
diameters (FWHM) are 0.4 microns, 0.6 microns, 0.8 microns, 1 micron, etc. In one
exemplary embodiment, the light spot diameter is 0.6 microns (FWHM). Any suitable
spacing (5 microns, 10 microns, 15 microns, etc.) can be used between the light spots 115. In

one exemplary embodiment, a light spot spacing of 20 microns is used.

[0135] In the illustrated example, the scanning mechanism 130 employs a
microfluidic flow method. The scanning mechanism 130 includes the fluid channel 132
defined by the body 131 and the fluid carrying the object 150 through the fluid channel 132.
Although the illustrated embodiment includes a scanning mechanism 130 employing a
microfluidic flow method, other methods (e.g., optical tweezing, scanning method, etc.) can

be used in other embodiments. For example, one embodiment may have a scanning
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mechanism 130 that includes a scanning device (e.g., raster scanner, linear scanner, etc.) for
scanning the object 150 or specimen stage with the object 150 through light spots 115 or
scanning the light spots 115 across or through the object 150.

[0136] The light detector 140 detects light and generates signals with time varying
light data about the light properties of the detected. Some examples of light properties that
can be detected include intensity, wavelength, frequency, polarization, phase, spin angular
momentum, etc. The light detector 140 can be a single detector, a one-dimensional detector
array, or a two-dimensional detector array. Some examples of single detectors include a
photo-diode (PD), an avalanche photo-diode (APD) and a photomultiplier tubes (PMT).
Some examples of one-dimensional or two-dimensional detector arrays include a charge
coupled device (CCD) array, a complementary metal-oxide-semiconductor (CMOS) array, an
APD array, a PD array, a PMT array, etc. The light detector 140 may be a monochromatic or
a color detector. For example, the light detector 140 may be a color light detector that

generates light data that can be used to generate color images.

[0137] The light detector 140 includes a two-dimensional array of discrete light
detecting elements 140(a) (shown in FIG. 2(a)) of any suitable size (e.g., 1-10 microns) and
any suitable shape (e.g., circular or square). The array is located at an angle, & with respect
to the x-axis. Any suitable angle can be used. Any suitable number of light detecting
elements 140(a) may correspond to a light spot 115. In FIG. 6, each light detecting element
140(a) detects light from a single corresponding light spot 115. In another example, each
light detecting element 140(a) may detect light from more than one light spot 115. In another
example, a plurality (e.g., 2 x 2 grid, 4 x 4 grid, etc.) of light detecting elements 140(a) may
detects light from a single light spot 1185.

[0138] In FIG. 6, the object 150 is shown at a time (t = t;) as the object 150 moves
through the fluid channel 132 generally in the x-direction. Although the object 150 is shown
as a cell, other embodiments may include other suitable object(s) such as biological entities
(e.g., whole cells, cell components, microorganisms such as bacteria or viruses, cell
components such as proteins, etc.) and inorganic entities. Any suitable number of objects

150 may be imaged and/or analyzed using the HIID 100.

[0139] The body 131 of the HIID 100 may optionally include a differentiating
element 160 located outside the second surface 136. The differentiating element 160

selectively transmits altered light while substantially removing the remaining light. The
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differentiating element 160 includes an interference filter 160(a) and an absorption filter
160(b). The interference filter 160(a) transmits the altered light and removes remaining light
from the illumination source 110 by interference. The absorption filter absorbs remaining
light from the illumination source 110. In fluorescence and phosphorescence applications, a
differentiating element 160 may be used to transmit emissions from fluorophores in the

object 150 and substantially remove excitation light.

[0140] In an exemplary operation, the illumination source 110 provides an
illumination beam 111. The holographic element 120 transforms the planar wavefront of the
illumination beam 111 from the illumination source 110 into n arrays of converging spherical
wavefront. In other embodiments, the holographic element 120 may also transform a
wavefront, planar or otherwise, from the illumination source 110 into an approximately

spherical wavefront or other wavefront having a well separated structure.

[0141] In the exemplary operation, each volume is hour-glass shaped, forming a focal
cone 112 converging to a light spot 115 at the focal plane 116 and spreading to a spreading
volume 117. The n arrays of converging spherical wavefront forms n focal arrays of light
spots 114(1),...,114(n) at different focal planes 116(1),...,116(n) at different depths of the
fluid channel 132 and at different x locations along the fluid channel 132. The n focal arrays

of light spots 114(1),...,114(n) form the three-dimensional focal array of light spots 600.

[0142] During operation, a fluid, within which the object 150 is suspended, flows
through the fluid channel 132. As the object 150 flows through the fluid channel 132, the
object 150 alters (blocks, reduces intensity, modifies wavelength or other light property or
spatial distribution) light in the fluid channel 132 as it passes through one or more of the focal
arrays 114(1)...114(n) located at different depths of the fluid channel 132. The
differentiating element 160 transmits the altered light and removes light having the same

properties as the illumination beam 111.

[0143] The light detecting elements 140(a) (shown in FIG. 2(a)) receive light and
generate time varying light data about the light as the object 150 moves through focal arrays
at different depths of the fluid channel 132. The processor 210 receives a signal with time
varying light data associated with each of the focal arrays. The processor 210 uses the time
varying light data to generate line scans associated with the y-locations of the light detecting
elements 140(a) for each of the focal arrays. The time varying light data is dependent on the

profile of the object 150 as well as its optical properties. The processor 210 can reconstruct a
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sectional image of the object 150 at a specific depth by appropriately shifting and assembling
line scans from time varying data taken by light detecting elements associated with a focal
array 114(i) having a focal plane 116(i) located at the specific depth. Optionally, other data
(e.g., rotation, velocity of the object 150, and changes in shape of the object 150, etc.) can
also be used to determine the sectional image. The processor 210 can also construct a three-

dimensional image of the object 150 based on the sectional images or the time varying data.

[0144] The HIID 100 can be used to generate any suitable type of image such as a
fluorescence image, phosphorescence image, intensity images, phase image, differential

interference contrast (DIC) image, etc.

[0145] In one exemplary embodiment, the HIID 100 can be used in fluorescence or
phosphorescence imaging. The specimen with one or more objects 150 may be prepared by
mixing a reagent with the specimen. The resulting fluid is introduced into the fluid channel
132 of the HIID 100. The illumination source 110 provides an illumination beam 111 of
excitation light having a first light property (e.g., first wavelength, first polarization, etc.) that
can excite the fluorophores in the object 150. The holographic element 120 transforms the
planar wavefront of the illumination beam 111 of excitation light into n arrays of converging
spherical wavefront to form n focal array of light spots 114(1),...,114(n) of excitation light at
n focal planes at different depths through the fluid channel 132 and at different x-locations
along the longitudinal axis of the fluid channel 132. In other embodiments, the holographic
element 120 may also transform a wavefront, planar or otherwise, from the illumination
source 110 into an approximately spherical wavefront or other wavefront having a well
separated structure. As the object moves through the fluid channel 132, fluorophores in the
object 150 absorb excitation light from a proximal light spot 115 at a particular depth. The
fluorophores then emit light (emissions) having a second light property (e.g., a second
wavelength, a second polarization, etc.). The emissions spread from site of the proximal light
spot 115 in the form of an altered light volume 118. To a lesser extent, the fluorophores may
also absorb excitation light from the focal cone 112 and the spreading volume 117. In this

case, the fluorophores from these areas may emit light as well.

[0146] The differentiating element 160 transmits emissions and substantially removes
excitation light. The light detector 140 detects light and generates time varying light data
associated with the received light as the object 150 flows through the flow channel 132. The

processor 210 receives a signal from the light detector 140 having time varying data. The
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processor 220 generates one or more fluorescence or phosphorescence sectional images of the

object 150 and/or three-dimensional images of the object 150 based on the time varying data.

[0147] In one embodiment, the holographic element 120 can be replaced by one or
more diffractive optical elements (DOE) (e.g., a Freznel zone plate (FZP), diffraction grating,
photon sieve, etc.) at the same location illuminated by the illumination beam 111. The DOE
diffracts the illumination beam 111 to generate the focal cones 112 and focal array of light
spots 114. The DOE can be made of any suitable material and may have any suitable
dimensions (e.g2., I mm x Imm, 2 mm x 2 mm, ..., 10mm x 10 mm). Using DOEs may be
advantageous because they have a high shelf life. DOFEs are also suitable for nanofabrication

and semiconductor fabrication technique.
[0148] 2. Multi-spectral Fluorescence or Phosphorescence Imaging

[0149] Another example of an HIID 100 with multiple focal arrays 114 that can be
designed by combining multiple HIIDs 100 of FIG. 2(a) in series into a single HIID 100
employing a long fluid channel 132 can be used to perform multi-spectral fluorescence or
phosphorescence imaging. In one embodiment, an HIID 100 includes multiple focal arrays
arranged in a series at different x-locations along the longitudinal axis of the fluid channel
132. The HIID 100 also includes multiple differentiating elements 160 corresponding to the
different focal arrays 114. Each differentiating element 160 transmits light of a different light
property (e.g., wavelength, polarization, etc.). For example, a first differentiating element
160 associated with a first focal array 114 may allow light with a wavelength A, to pass, a
second differentiating element 160 associated with a second focal array 114 may allow light
with a wavelength A, to pass, a third differentiating element 160 associated with a third focal
array 114 may allow light with a wavelength A, to pass, etc. In this example, the HIID 100
can generate fluorescence or phosphorescence images from light of wavelengths, A, A, and
As. In some cases, different structures in the object 150 being imaged may emit light have
different light properties (e.g., A1, A, A3). In these cases, the HIID 100 may have
differentiating elements 160 associated with the different light properties corresponding to
the different structures. The HIID 100 can then image the different structures associated with

the different light properties.

[0150] FIG. 7 is a schematic drawing of components of an HIID 100 having multiple
focal arrays 114 in series with different differentiating elements 160 for multi-spectral

fluorescence or phosphorescence imaging, according to embodiments of the invention. FIG.
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7 is an another illustrated example of an HIID 100 having multiple focal arrays 114 that can
be designed by combining multiple HIIDs 100 of FIG. 2(a) in series into a single HIID 100
employing a long fluid channel 132. In this example, the HIID 100 has five differentiating
elements 160(1)-160(5) corresponding to the five focal arrays 114(1)-114(5). Each of the
differentiating elements 160(1)-160(5) transmits light of a different light property. In this
way, a single passage of an object 150 through the fluid channel 132 will allow each segment

to acquire a spectrally distinct image.

[0151] Embodiments of an HIID 100 including multiple focal arrays in series and
corresponding differentiating elements 160 for multi-spectral fluorescence or
phosphorescence imaging may have advantages. With conventional microscopes, multi-
spectral fluorescence images are typically generated by swapping the chromatic filters
between each image acquisition step. As the number of slots in a filter carousel is limited,
the acquisition of more than 5 wavelength bands typically requires a carousel swap. With an
HIID 100 having a series of focal arrays, the acquisition of multi-spectral images can be
implemented automatically by connecting several focal arrays, each sensitive to a particular
emission wavelength band, in series. A single passage of an object 150 through the fluid

channel 132 generates a complete set of fluorescence or phosphorescence images.

[0152] Modifications, additions, or omissions may be made to any of the
configurations of the HIIDs 100 without departing from the scope of the disclosure. In some
cases, one of more components of any of the HIIDs 100 may be added to other configurations
in other embodiments. For example, the collection component 170 can be added to some
configurations. In addition, the components of any of the configurations of the HIID 100
may be integrated or separated according to particular needs. For example, the processor 210
may be integrated into the light detector 140 so that the light detector 140 performs all the

functions of the processor 210 in some embodiments.
[0153] III.  Fabrication Techniques

[0154] The holographic element 120 can be recorded using any holographic recording
technique. One recording method involves interfering a light field 700 through a recording
mask having an array of apertures 705 with a collimated reference beam (write beam) 710 via
a beam splitter 190, as shown in FIG. 8(a). A recording mask refers to an array of apertures
705 patterned in a layer of metal film or coating on a substrate such as a glass slide. FIG.

8(a) is a schematic drawing of a setup for off-axis recording a holographic element 120,
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according to embodiments of the invention. In the illustrated setup, a beam splitter 190 is
used. In this illustration a recording mask is used. In the illustrated example, the apertures
may have an aperture size equal to the desired light spot size and the aperture spacing is equal
to the desired spacing between light spots in the focal array of light spots. The interference
pattern can then be recorded on the holographic element 120. When the holographic element
120 is illuminated by an illumination beam 111 (shown in FIG. 2(a)) propagating in the
opposite direction as the original reference write beam, the holographic element 120 will
generate an optical conjugate wave that will reconstitute into a focal array of light spots based

on the array of apertures 705.

[0155] Another method is illustrated in FIG. 8(b). FIG. 8(b) is a schematic drawing
of a setup for inline recording a holographic element 120, according to embodiments of the
invention. In the illustrated embodiment, an incident collimated light beam transmitted
through the apertures will interfere with the fairly strong uniform transmission through the
metal film/coating (in effect, this serves as the write beam) to create a recordable interference
pattern at a short distance away, as shown in FIG. 8(b). The pattern can be recorded by
placing the holographic element 120 arbitrarily close to the recording mask 760. This
technique allows recording of holographic elements 120 that can generate holograms with
excellent stability since there are no potential drifts between the two interfering components.
This method for creating a holographic element 120 for generating light spots is easy and
readily scalable for mass-manufacture.  Using this method, some embodiments of
holographic elements 120 have been recorded to generate light spots 115 with diameters of

about .60 micron and to have 10% efficiency in channeling of the illumination beam 111.

[0156] In one embodiment, a silver halide holographic element 120 was recorded
using a recording mask 760. After exposure, the holographic element 120 was developed and
bleached to produce a phase hologram. A light spot 115 can then be generated by the
holographic reconstruction process, where a conjugated collimated beam 710 is transformed
into a light spot 115 by the holographic element 120. The focal length between the
holographic element 120 and the focal plane 116 (shown in FIG. 2(a)) is the same as the
distance 770 between the recording mask 760 and the holographic element 120 during the

recording process.

[0157] The recording mask can be fabricated using any suitable method. In one

example, a specialized mask 760 (shown in FIG. 8(b)) is made to record a holographic
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element 120 of FIG. 6 with a plurality of n focal arrays 114(1),...,114(n) at different depths.
The recording mask 760 is made by starting with a piece of glass and depositing layers of
SU-8 photoresist film or other suitable material layer on the glass in a step fashion. For
example, each step can be 2 micron high and 50 micron wide. Any suitable step dimensional
can be used in other embodiments. Then, a layer of material (e.g., gold) is deposited, with a
suitable thickness (e.g., 200 nm thick), on the structure and mill apertures at the appropriate
places with a focused ion-beam machine. The recording mask 760 can then be used to record

the holographic element 120.
[0158] V. Computer devices

[0159] FIG. 9 shows a block diagram of subsystems that may be present in computer
devices that are used in system 10, according to embodiments of the invention. For example,
the computer 200 in communication with the HIID 100 may have any suitable combination of

components in FIG. 9.

[0160] The various components previously described in the Figures may operate
using one or more computer devices to facilitate the functions described herein. Any of the
elements in the Figures may use any suitable number of subsystems to facilitate the functions
described herein. Examples of such subsystems or components are shown in a FIG. 9. The
subsystems shown in FIG. 9 are interconnected via a system bus 975. Additional subsystems
such as a printer 974, keyboard 978, fixed disk 979 (or other memory comprising computer
readable media), display 230, which is coupled to display adapter 982, and others are shown.
Peripherals and input/output (I/O) devices, which couple to I/O controller 971, can be
connected to the computer system by any number of means known in the art, such as serial
port 957. For example, serial port 977 or external interface 981 can be used to connect the
computer apparatus to a wide area network such as the Internet, a mouse input device, or a
scanner. The interconnection via system bus allows the central processor 210 to
communicate with each subsystem and to control the execution of instructions from system
memory 980 or the fixed disk 979, as well as the exchange of information between
subsystems. The system memory 980 and/or the fixed disk 979 may embody a computer
readable medium 220. Any of these elements may be present in the previously described
features. A computer readable medium 220 according to an embodiment of the invention

may comprise code for performing any of the functions described above.
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[0161] In some embodiments, an output device such as the printer 974 or display 230
of the HIID system 10 can output various forms of data. For example, the system 10 can

output a fluorescence image of an object 150 or other results of analysis.

[0162] It should be understood that the present invention as described above can be
implemented in the form of control logic using computer software in a modular or integrated
manner. Based on the disclosure and teachings provided herein, a person of ordinary skill in
the art will know and appreciate other ways and/or methods to implement the present

invention using hardware and a combination of hardware and software.

[0163] Any of the software components or functions described in this application,
may be implemented as software code to be executed by a processor using any suitable
computer language such as, for example, Java, C++ or Perl using, for example, conventional
or object-oriented techniques. The software code may be stored as a series of instructions, or
commands on a computer readable medium, such as a random access memory (RAM), a read
only memory (ROM), a magnetic medium such as a hard-drive or a floppy disk, or an optical
medium such as a CD-ROM. Any such computer readable medium may reside on or within a
single computational apparatus, and may be present on or within different computational

apparatuses within a system or network.

[0164] A recitation of “a”, “an” or “the” is intended to mean “one or more” unless

specifically indicated to the contrary.

[0165] The above description is illustrative and is not restrictive. Many variations of
the disclosure will become apparent to those skilled in the art upon review of the disclosure.
The scope of the disclosure should, therefore, be determined not with reference to the above
description, but instead should be determined with reference to the pending claims along with

their full scope or equivalents.

[0166] One or more features from any embodiment may be combined with one or
more features of any other embodiment without departing from the scope of the disclosure.
Further, modifications, additions, or omissions may be made to any embodiment without
departing from the scope of the disclosure. The components of any embodiment may be
integrated or separated according to particular needs without departing from the scope of the

disclosure.
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[0167] All patents, patent applications, publications, and descriptions mentioned
above are hereby incorporated by reference in their entirety for all purposes. None is

admitted to be prior art.
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WHAT IS CLAIMED IS:

1. A holographically illuminated imaging device, comprising:

a holographic element configured to transform an illumination beam from an
illumination source into a focal array of light spots;

a scanning mechanism configured to move an object across one or more light
spots in the focal array of light spots; and

a light detector configured to detect light associated with the focal array of

light spots, and generate light data associated with the received light.

2. The holographically illuminated imaging device of claim 1, further

comprising a processor configured to generate an image of the object based on the light data.

3. The holographically illuminated imaging device e of claim 1, further
comprising:

a differentiating element located between the light detector and the object, and
configured to transmit emissions from fluorophores in the object; and

a processor configured to generate a photoluminescent image of the object

based on light data.

4. The holographically illuminated imaging device of claim 1, wherein
the scanning mechanism comprises a fluid channel having a fluid carrying the object through
the fluid channel, the light spots collectively and substantially extending across the fluid

channel.

5. The holographically illuminated imaging device of claim 1, wherein
the scanning mechanism is a scanning device configured to scan the object relative to the
focal array of light spots.

6. The holographically illuminated imaging device of claim 1, further
comprising a collection component located between the light detector and the object, and

configured to collect light at the light detector.

7. A holographically illuminated imaging device, comprising:
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a body defining a fluid channel;

a holographic element configured to transform an illumination beam from an
illumination source into a focal array of light spots;

a beam splitter configured to reflect the focal array of light spots into the fluid
channel wherein a flow in the channel moves an object across one or more light spots in the
focal array of light spots, the beam splitter further configured to transmit light altered by the
object; and

a light detector configured to detect light associated with the focal array of

light spots, and generate light data associated with the received light.

8. A holographically illuminated imaging device, comprising:

a holographic element configured to transform an illumination beam into a
plurality of focal arrays of light spots at different focal planes;

a scanning mechanism configured to move an object across one or more light
spots in the plurality of focal arrays of light spots; and

a light detector configured to receive light associated with the plurality of

focal arrays of light spots, and generate light data associated with the received light.

0. The holographically illuminated imaging device of claim 8§, further
comprising a processor configured to use the light data to generate one or more sectional

images of the object associated with different focal planes.

10. The holographically illuminated imaging device of claim 8§, further
comprising a processor configured to generate a three-dimensional image of the object based

on the light data.

11. The holographically illuminated imaging device e of claim 8, further
comprising:

a differentiating element located between the light detector and the object, and
configured to transmit emissions from fluorophores in the object; and

a processor configured to generate a photoluminescent image of the object

based on light data.
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12. The holographically illuminated imaging device of claim §, wherein
the scanning mechanism comprises a fluid channel having a fluid carrying the object through
the fluid channel, wherein the focal arrays are located along the fluid channel, and wherein
the light spots of each focal array collectively and substantially extend across the fluid

channel.

13. The holographic illuminated imaging device of claim 8, wherein the
scanning mechanism is a scanning device configured to scan the object relative to the

plurality of focal arrays of light spots.

14. The holographically illuminated imaging device of claim 8, further
comprising a collection component located between the light detector and the object, and

configured to collect light at the light detector.

15. A system, comprising:
a holographically illuminated optofluidic imaging device including
a holographic element configured to transform an illumination beam
from an illumination source into a focal array of light spots,
a scanning mechanism configured to move an object across one or
more light spots in the focal array of light spots, and
a light detector configured to detect light associated with the focal
array of light spots, and generate light data associated with the received light; and
a processor in communication with the light detector, the processor configured

to receive a signal with light data and generate an image of the object based on the light data.

16. The system of claim 15, further comprising a display for displaying the

image generated by the processor.
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