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Apparatus for receiving and positioning optical components.
The apparatus includes a substrate, one or more mounting
slots, and one or more springs. The one or more mounting
slots are formed 1n the substrate, and each mounting slot
includes a mounting slot wall. At least one of the mounting
slots 1s adapted to receive an optical component. At least one
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MULTIMODAL MINIATURE MICROSCOPE

[0001] This application claims priority to provisional U.S.
Patent Application No. 60/318,059 enfitled “Multimodal
Miniature Microscope,” which was filed on Sep. 7, 2001.

U.S. Patent Application No. 60/318,059, 1n 1its entirety, 1s
incorporated herein by reference.

10002] The government may own rights in the present

invention pursuant to the {following grant: NSF
BES-0086736 and NSF SGER ECS-0074578.

BACKGROUND OF THE INVENTION
[0003] 1. Field of the Invention

[0004] The present invention relates generally to the field
of diagnostic 1maging. More particularly, it concerns a
microscope that utilizes the interaction of light with tissues
in many modalities to image morphology and biochemistry,
thereby providing better delineation of tumors. Even more
particularly, 1t concerns a miniaturized microscope capable
of different 1imaging modalities such as optical sectioning,
3-D spectral fluorescence 1maging, and reflectance 1maging.

[0005] 2. Description of Related Art

[0006] The American Cancer Society estimates that 1,220,
100 people will have been diagnosed with cancer 1n 2000. In
the same year, 552,200 persons were expected to succumb to
cancer. Despite significant advances 1n treatment, early
detection of cancer and 1its curable precursors remains the
best way to ensure patient survival and quality of life.

[0007] Pre-cancers are characterized by morphologic and
biochemical changes that include increased nuclear size,
increased nuclear to cytoplasmic ratio, hyperchromasia,
pleomorphism, angiogenesis, and increased metabolic rate.
These changes currently can only be assessed through
invasive biopsy. Early detection of curable pre-cancers has
the potential to significantly lower cancer mortality and
morbidity. Many visual exam procedures, such as colonos-
copy and bronchoscopy, are routinely used to identify pre-
malignant changes and early cancers. However, these tech-
niques do not assess the microscopic and/or biochemical
changes which are the hallmark of pre-cancer. Thus, these
techniques’ sensitivity and speciiicity are limited.

[0008] Early detection would be particularly beneficial in
the treatment of several types of cancers. For instance,
cancer of the oral cavity 1s usually not diagnosed until 1t 1s
in an advanced stage. In the advanced stage, treatment 1s
more disfiguring, expensive, and prone to failure. Thus,
carly detection of pre-cancer 1s the best method to improve
patient quality of life and survival. Certain lesions 1n the oral
cavity have been 1dentified clinically to have the potential
for malignant conversion. These include leukoplakia (white
plaques) and erythroplakia (velvety, reddish lesions). Inva-
sive biopsies are often required to confirm the presence of
pre-cancer. Thus, despite the easy accessibility of the oral
cavity to examination, there 1s no satistactory mechanism to
adequately screen and detect pre-cancers. The development
of a noninvasive and accurate method for real-time screen-
ing and diagnosis of oral cavity lesions would have great
potential to 1mprove early detection of neoplastic changes,
and thereby improve the quality of life and survival rates for
persons developing carcinomas of the oral cavity.
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[0009] Cervical cancer is the third most common cancer in
women worldwide and the leading cause of cancer mortality
in women 1n developing countries. The curable precursor to
cervical cancer 1s cervical intra-epithelial neoplasia. In the
U.S. over $6 billion are spent annually in the evaluation and
treatment of low-grade precursor lesions. Approximately 50
million Pap smears are performed annually i the U.S. to
screen for cervical cancer and its precursor. The National
Cancer Institute estimates 6-7% of these tests to be abnor-
mal. However, cervical cancer goes undetected 1n develop-
ing countries because of the cost of the tests and the lack of
trained personnel and resources. In the U.S., resources are
wasted on the evaluation and treatment of lesions that are not
likely to progress to cancer.

[0010] Optical technologies offer the ability to image
tissue with unprecedented spatial and temporal resolution
using low-cost, portable devices. As such, optical technolo-
o1es represent an 1deal approach to imaging early neoplasia.
Multiple 1n vivo optical imaging and spectroscopic modali-
fies have been explored recently as diagnostic tools in
medicine. These modalities mnclude multi-spectral fluores-
cence 1maging, multi-spectral reflectance i1maging with
unpolarized and polarized light, confocal microscopy,
reflectance, and fluorescence spectroscopy. In the ultraviolet
(UV) and visible regions of the spectrum, tissue reflectance
spectra provide information about the wavelength dependent
scattering of tissue as well as electronic absorption bands,
primarily those of oxy- and deoxyhemoglobin. The most
common naturally occurring fluorophores include the aro-
matic amino acids, the co-factors NAD(P)H and FAD,
crosslinks associated with collagen and elastin, and porphy-
rins.

[0011] Furthermore, optical technologies may be used to
complement existing pre-cancer treatments, such as chemo-
prevention. Chemoprevention refers to the use of chemical
agents to prevent or to delay the development of cancer 1n
healthy populations or patients with precancerous tissue
changes. Despite their promise, chemoprevention studies
have several inherent problems. One 1s that many patients
hesitate to enroll 1n such trials because they require multiple
biopsies throughout the period when the chemopreventive
agent 1s given. Biopsies are processed to measure morpho-
logic and biochemical changes associated with cancer pro-
oression and assess drug response. A second problem 1is that
the biopsy process 1tself can interrupt the natural progression
of the lesion. Many times these lesions are small enough that
the biopsy 1s the cure; frequent biopsies make 1t difficult to
accurately assess drug response. Thus, tools that non-de-
structively assess quantitative morphologic and biochemical
changes that do not require biopsy could considerably
improve chemoprevention studies.

[0012] Both screening and detection could be wvastly
improved by 1n vivo optical 1imaging technologies that
improve the ability to recognize and delineate pre-cancerous
lesions 1n the cervix with high sensitivity and specificity. A
major challenge 1n 1mplementing quantitative optical tools
for widespread screening 1s to develop small, inexpensive
imaging systems that provide both high sensitivity and high
specificity for the biochemical and morphologic features of
pre-cancer. A need therefore exists for small, inexpensive
imaging systems that may enhance or replace traditional
visual exam procedures to allow for more accurate i1denti-
fication of pre-cancerous lesions.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The following drawings form part of the present
specification and are included to further demonstrate certain
aspects of the present invention. The invention may be better
understood by reference to one or more of these drawings in
combination with the detailed description of speciiic
embodiments presented herein.

10014] FIG. 1 shows a schematic of an optical-sectioning
multi-modal miniature microscope device according to one
embodiment of the present disclosure.

10015] FIGS. 2A and 2B shows a detailed schematic view

of an opfical element mounted 1n a mounting slot etched 1n
a silicon micro-optical table (“MOT”) substrate according to

one embodiment of the present disclosure.

[0016] FIG. 3 shows a magnetic microactuator that may
be adapted to the task of a scanning grating in one embodi-
ment of the device of the present invention. Specifically, a

partially assembled variable-reluctance magnetic linear
microactuator 1s shown.

10017] FIGS. 4A and 4B show lithographically patterned
optical elements. FIG. 4A shows a micro-optical element
patterned 1n hybrid sol-gel material on a 150 micron thick
glass substrate.

[0018] FIG. 4B shows a hybrid sol-gel material patterned

to a depth of 34 microns.

10019] FIGS. 5A and 5B show lithographically patterned

optical elements mounted and cemented 1n a silicon MOT
substrate. F1G. 5A shows the optical elements as seen under

a microscope. F1G. SB shows the optical elements observed
in an SEM.

10020] FIGS. 6A and 6B show silicon-spring displace-
ment and the normal stress 1n the horizontal direction. FIG.
6A shows the optical element 1n its penultimate position.
FIG. 6B shows an 1mage of a fabricated silicon spring that
retains an optical element in the mounting slot. The width of
the slot shown 1s 600 um, and the length 1s 4,000 um.

10021] FIG. 7 shows the deep X-ray lithography DXRL

process. The process steps shown are (1) exposure of a
PMMA (poly-methylmethacrylate) photoresist with x-rays
ogenerated from a synchrotron light source through an x-ray
mask, (2) PMMA development to realize a plastic mold, (3)
electro-deposition to fill this mold with a metal material, (4)
planarization to accurately control part thickness, and (5)
release and device integration.

10022] FIGS. 8A, 8B, and 8C show various aspects of one
embodiment of the device of the present invention. FIG. §A

shows a device that contains only refractive microlenses and
a folding mirror. F1G. 8B shows a fabricated MO silicon

substrate comprising silicon-spring mounting slots. F1G. 8C
shows three 150-micron thick, unpatterned glass substrates
mounted 1in the MOT. The plates are separated by 800

microns.

10023] FIG. 9 shows one design of a device that operates
in the red wavelength region.

10024] FIG. 10A shows a cross-section of an interior wall
of a mounting slot, and two guide channels located on the
wall. FIG. 10B shows a one side of an optical component,
and two protrusions on the optical component.
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DESCRIPTION OF ILLUSTRAITIVE
EMBODIMENTS

[0025] In one embodiment, the present invention 1is
directed to a class of microscopes, and 1n particular minia-
ture microscopes, that utilize the interaction of light with
fissues 1n many modalities to 1mage morphology and bio-
chemistry 1n vivo, yielding tools that provide better delin-
cation of tumors. It 1s contemplated that the devices of the
present mvention may image microscopic and molecular
features of pre-cancer. The proposed miniature microscopes
are multi-modal because of their potential for enabling
different 1maging modalities, which may include optical
sectioning, 3-D spectral fluorescence 1imaging, and retlec-
tance 1maging. The microscopes may be mimaturized by
using a zero-alignment microscopic optical-system. Specifi-
cally, a micro-optical table (“MOT”) substrate may be used.
Various mounting slots may be formed in the MOT, and the
mounting slots may be configured to receive and secure
various optical components.

[0026] The size and cost of these microscopes can be
eventually small enough so that they can aid 1n, for 1instance,
ouiding diagnostic biopsy and to aid in margin detection
during tumor resection. The devices may have broad appli-
cability 1n many organ sites due to their very compact size
and capability for imaging. It has been previously demon-
strated that the morphologic and biochemical changes that
accompany pre-cancer can be probed using reflectance and
fluorescence. Accordingly, the i1maging devices of the
present invention may be designed to image both retflected
light and autotluorescence.

[10027] The multi-modal miniature microscopes proposed
here represent a fundamentally new way of approaching
pre-cancer detection. In one embodiment, the present
devices integrate micro-optical systems, micro-mechanical
components, and 1mage sensors to achieve a high level of
sensitivity and specificity 1n a miniaturized, cost-effective
package.

[0028] Micro-Optical Tables

[0029] In order to provide for the miniaturization of
microscopes 1n an effective manner, 1t 1s desirable to have a
simple and accurate method of building optical systems. A
novel method of constructing compact, three-dimensional
imaging systems that consist of various optical elements that
may 1nclude, for example, lenses and mirrors, micro-me-
chanical components, photo-detectors, and light sources is
disclosed.

[0030] These optical elements, both active and passive,
may be mounted on specially prepared MOT substrates, as
shown 1n FIG. 1. The substrates are referred to as micro-
optical tables, 1n analogy with the macroscopic version
routinely used in optics laboratories. Preferably, the MOTs
are made of silicon, although those skilled in the art will
realize that other materials may also be used, such as metal.
The MOT 1s a zero-alignment microscopic optical-system
concept. In practical terms, the zero-alignment concept
translates 1nto assembly errors that are preferably smaller
than the tolerances on the performance of the optical system.

[0031] Various mounting slots are formed in the MOT.
The mounting slots may be formed 1n a variety of ways, such
as through conventional etching techniques. The accurate
positioning of each mounting slot relative to other mounting
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slots on the MOT may be obtained by using a sub-micron-
precision layout of the photomask from which the MOT may
be made. The mounting slots may be etched mnto the MOTs
to various depths. In one embodiment, the mounting slots
may extend all the way through the MOT.

[0032] Preferably, each MOT also contains a spring device
that serves to hold an optical element 1n place once 1t has
been mserted mto the MOT. A preferred embodiment of the
mounting slot 21 formed 1n a MOT 20 and a spring 22 1is
shown in FIGS. 2A and 2B. In the embodiment shown 1n
FIGS. 2A and 2B, the spring 22 has a first elongated portion
23 and a second shorter portion 24 that forms an angle with
the first elongated portion. One of the purposes of the spring
1s to press-it the optical component 25 into a more accurate
position than might be achieved by using a sitmple slot alone.
When an optical component 235 1s inserted mto the mounting
slot 21, the spring 22 presses against the optical component
and helps to position and secure the optical component in the
mounting slot.

10033] FIGS. 2A and 2B, illustrate an optical component
inserted 1n a mounting slot. The insertion of the optical
component causes the spring to be moved to a deflected
position. The spring presses against the optical component,
thereby helping to secure i1t in the mounting slot. FIG. 8B
shows mounting slots 83 1n which no optical components
have been inserted. As no optical component has been
inserted into the mounting slots 83, the springs 84 1n FIG.
8B are not in a deflected position. FIG. 8C shows optical
components 83 inserted 1nto the mounting slots 83.

10034] The shape of the spring shown in FIG. 2 was
selected 1n part by generating a two-dimensional finite-
clement model to determine the displacement and stress
fields 1in the silicon spring and the optical element as the
optical element 1s inserted into the mounting slot. FIGS. 6A
and 6B show the top view of a rectangular segment of a
silicon MOT substrate. Also shown 1in FIG. 6, the silicon
spring and an optical element are being positioned 1n the
mounting slot. The dashed outlines 1n FIG. 6 indicate the
starting positions of the silicon spring and the optical
clement. The filled outlines in FIG. 6 indicate positions of
the silicon spring and the optical element that correspond to
the maximum stresses in the silicon spring.

[0035] The objective of the analysis was to develop a
silicon-spring design that would not fail during insertion of
an optical element mnto a mounting slot. The spring design
shown 1n FIG. 6A satisfies this criteria. Those skilled 1n the
art will realize that several methods may be used to select
other acceptable shapes for the spring.

[0036] The spring may be attached to the mounting slot in
various ways. As shown 1n FIGS. 2A and 2B, a preferred
embodiment 1s to attach the spring 22 to the mounting slot
21 at one point along the imterior wall 26 of the mounting
slot 21. It will be apparent to those skilled 1n the art that the
spring may be attached to the mounting slot in variety of
ways, Including attaching the spring to multiple points
within the mounting slot, or attaching the spring to the
surface of the MOT. As used herein, the term “spring” 1is
intended to refer to any component having a configuration
suitable to assist 1n securing an optical component 1n the
mounting slot. As previously stated, those skilled in the art
will realize that there are many suitable configurations for
the spring. Preferably, the spring 1s made of silicon, although
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those skilled 1n the art will realize that the spring may be
made of other suitable materials.

[0037] Each mounting slot may also contain one or more
ouide channels that are formed 1n one or more of the walls
of the mounting slot. FIG. 10A depicts one of the walls 1001
of a mounting slot, and two guide channels 1002 that are
formed 1 the wall 1001. The guide channels may be a
variety of shapes, including, for instance, cylindrical, “v”
shaped, or rectangular. The guide channels are preferably
positioned to match complementary protrusions 1004 1n the
optical component 10035 that 1s inserted 1in the mounting slot.
Thus, when an optical component 1s inserted mnto a mounting
slot, the protrusions located on the optical component will {it
into the guide channels. The guide channels thereby assist in
cuiding the optical component 1nto the mounting slot.

[0038] The depth to which the optical element 1s inserted
into the mounting slot may be controlled by the length of the
ouide channel. For instance, as shown in FIG. 10A, the
cuide channel may extend some distance down the wall of
a mounting slot to an end surface 1003. Once the leading
surface 1006 of the complementary protrusion 1004 of the
optical component reaches the end surface 1003 of the guide
channel, the optical component will not be able to slide any
further down into the guide channel. A mounting slot spring
1s preferably configured to press the cylindrical protrusions
of the optical element into the guide channels, thereby
achieving more accurate positioning of the optical element.

[0039] Very low assembly errors may be achieved through
positioning features on each optical component and a silicon
spring 1n each component mounting slot. Optical-element
alignment to an accuracy of +2 um 1n position and £0.5 mrad
in rotation are achievable using the illustrated method. The
accurate positioning of each optical element relative to other
optical elements on the MOT may be guaranteed through the

sub-micron-precision layout of the photomask from which
the MOT 1s made.

[0040] Because diverse optical components can be embed-
ded 1n the MOT, the optical components can be fabricated
separately 1n substrates other than the MOT substrate and by
means of processes other than the processes mvolved in
MOT fabrication. For example, a refractive lens can be
patterned 1n a photosensitive hybrid sol-gel material coated
on a glass substrate, while the MOT may be fabricated in
silicon. The refractive lens may fabricated using a grayscale
photomask. The MOT, on the other hand, may be fabricated
using a binary photomask. Finally, the disclosed MOT
concept allows for replacement of individual optical ele-
ments without sacrificing the entire MOT.

0041] 4M Devices

0042] One preferred embodiment of a multi-modal min-
iature microscope (“4M device”) is shown in FIG. 1. The
device of FIG. 1 uses lithographically fabricated refractive
optical elements positioned vertically 1n silicon-spring
mounting slots. The 4M devices may include a light source
11 mounted on the MOT 10. The embodiment shown 1n
FIG. 1 also includes a collector mirror 12, a scanning
orating 13, a folding flat mirror 14, a dichroic beam splitter
15, a plurality of lithographically patterned refractive lenses
16, a folding flat mirror 17, a photodetector 18, and an
objective lens 19. The tissue 20 to be imaged 1s placed below
the objective lens. Those skilled 1n the art will realize that
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the optical components of the microscope may be arranged
in a variety of ways, that components may be added or taken
away.

0043] Light Source

0044] The device includes a light source that may be
designed to operate 1in any part of the spectrum from the
ultraviolet to the near-infrared (NIR). Depending on the light
source used, microscopes may be constructed to operate 1n
the blue (for autofluorescence imaging), in the near-infrared
(for reflectance imaging), or both in the blue and in the near
infrared. The light source of the microscope may be inte-
orated on the MO'T as shown 1n FIG. 1. In another embodi-
ment of the invention, such as 1s shown 1n FIG. 8A, a light
source may not be mounted on the MOT. Instead, the light
source may also be external to the MOT and connected via
a variety of well known means, such as a fiber optic cable.
Additionally, as new contrast agents continue to be devel-
oped, the present devices may operate at wavelengths cho-
sen to match the excitation and emission spectra of the new
contrast agents.

10045] Autofluorescence spectroscopy, reflectance imag-
ing, and confocal imaging (both of reflected light and
autofluorescence) each provide information about tissue
architecture and biochemical composition in near real-time
without the need for tissue removal. Autofluorescence and
confocal 1imaging provide tools to assess two fundamentally
different sources of contrast between normal and neoplastic
epithelium: differences in autofluorescence (which are
related to metabolic rate, angiogenesis and collagen cross-
linking) and differences in refractive index profiles (which
are related to morphologic differences, primarily in the
nucleus).

[0046] Autofluorescence provides a sensitive and specific
tool to 1improve detection of neoplasia. Confocal 1maging
may be used to resolve sub-cellular detail throughout the
entire epithelial thickness, providing sufficient contrast to
enable quantitative feature analysis such as nuclear to cyto-
plasmic ratio. For example, confocal 1maging may offer a
clinically useful adjunct to standard histopathologic tech-
niques for amelanotic tissue.

[0047] Depending upon the type of cancer that it desired
to be 1maged, different imaging wavelengths may be chosen.
For mstance, wavelengths of 380 nm and 460 nm correspond
to diagnostically usetful regions 1dentified for detection of
pre-cancers of both the cervix and the oral cavity. At 380-nm
excitation, the co-factor NADH 1s the primary cellular
fluorophore. At 460-nm excitation, FAD 1s the primary
cellular fluorophore. Collagen crosslinks fluoresce at both
excitation wavelengths.

|0048] It has previously been shown that using reflectance
confocal 1maging, 1mages at tissue depths of 400 microns,
penetrating the entire epithelium, can routinely be obtained.
It 1s also believed that images throughout the epithelium
may also be obtained using autofluorescence.

10049] Additionally, the proposed illumination levels in
the near UV do not pose significant 2 safety concerns. For
instance, at 380 nm 1illumination, exposure should not
exceed 47 J/cm” for light sources and for lasers in this
illumination region, exposure should not exceed 1 J/cm?,
with a limiting aperture of 3.5 mm diameter. It 1s estimated

that the 4M devices will deliver between 500 uW and 1 mW
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of laser light to the tissue surface at 380 nm 1llumination and
that total imaging time per field will be less than 1 minute.

[0050] It 1s anticipated that actual image-acquisition time
will be much shorter, but this will enable the clinician or
operator to examine the 1image and ensure that the optimal
arca 1s 1n the field of view. Averaging over the 3.5 mm
limiting aperture, gives a total illumination level of (1
mW)(60 seconds)/(0.096 cm*)=625 mJ/cm>. The proposed
illumination levels are 1.6 to 75 times less than the exposure
levels allowed for lasers or light sources, respectively.

0051] Scanning Grating

0052] The MOT concept allows for the inclusion of
components that provide functionality beyond that achiev-
able with lenses alone. A specific example 1s optical sec-
tioning of a three-dimensional (3D) specimen. Optical sec-
fioning may be accomplished using structured 1llumination
with a scanning amplitude grating that is projected into the
3D specimen. Images of the 3D specimen may be taken at
three lateral positions of the scanning grating. The three
images may next be processed 1n a simple manner to provide
an optical-section image of the 3D specimen. The method 1s
based on the simple principle that the amplitude grating
appears 1n-focus only over a limited axial range. Outside that
range, the amplitude grating may be out of focus and
blurred. The out-of-focus blurring results 1n loss of modu-
lation. Lateral motion of the amplitude grating therefore
results 1n modulation of light that originates only within a
thin section of a 3D specimen.

[0053] In one embodiment, the present invention uses a
continually oscillating amplitude grating instead of a grating
stepped to three discrete positions. The continuous motion of
the amplitude grating will modulate in time the fluorescence
signal from a thin section of the specimen. This approach
may also include a custom CMOS active-pixel image sensor.
Each active pixel may include a narrow temporal-frequency
band-pass filter. Consequently, the proposed CMOS active-
pixel 1image sensor only records signal that 1s modulated at
or near a center frequency that corresponds to the scanning
frequency of the amplitude grating.

[0054] A macroscopic amplitude grating will be translated
perpendicular to the optical axis and a minimum of three
images will be collected with a CCD camera to demonstrate
functionality. The 1mages may be subsequently combined to
determine the autofluorescence distribution or reflectance
variation at a fixed working distance.

|0055] Preferably, the prime mover for the miniature scan-
ning grating 1s a variable reluctance magnetic microactuator
constructed via deep x-ray lithography (DXRL) and elec-
troforming processing. The basic DXRL and electroforming
process flow 1s outlined m FIG. 7. With this process,
arbitrarily shaped components with dimensions from 1
micron to several centimeters may be fabricated with sub-
micron tolerances. The sidewall rms roughness of these
components 1s below 20 nm. Materials that may be used in
the process include an array of electroformed metals such as
copper, nickel, nickel-iron, and gold as well as molded

plastics and ceramic materials. Microactuator-drive designs
may use a DXRL assembly plate that 1s mounted to the MOT
substrate and accommodates all microactuator-drive com-
ponents via press-fit joiming. Press-fit joints have been
demonstrated in a number of similar devices. DXRL pro-
cessing enables extremely well controlled press-fit joints.
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[0056] Design information from previously fabricated
magnetic microactuators as outlined herein may be extrapo-
lated and used to formulate designs appropriate for the 4M
scanning grating drive. Extensive magnetic computer-aided
design (CAD) tools exist and may be used to design a
permanent-magnet-assisted linear magnetic microactuator
with a resonant frequency of 100 Hz and motion range of
+100 um. The microactuator resonant frequency may readily
be 1ncreased to 400 Hz at the expense of increased power
required to drive the microactuator. The microactuator reso-
nant {frequency may also be increased 1f 1/f noise in the
Image sensor requires such a change.

[0057] In one embodiment, a clamping scheme for sub-
micron-precision positioning of the grating component that
will be fabricated independent of the magnetic microactua-
tor may be imntegrated. A flexure that supports a platform on
which the grating 1s positioned may be fabricated with high
yield strength electroplated material in order to provide good
spring-like behavior. In the case of the 100-Hz microactua-
tor, the anticipated power requirement, assuming a worst-
case efficiency of 10%, 1s expected to be on the order of 100
microWatts (uW). The low drive impedance of a magnetic-
microactuator drive will enable driving voltages of near 0.5
Volts with currents of a fraction of a milliAmpere (mA). The
entire scanning-grating drive 1s expected to fit well within
the MOT component design footprint, which in one embodi-
ment may be approximately 2 mmx3 mm.

|0058] These microactuators have been used previously
for positioning of variable wire-grid infrared filters and
optical fiber switches, and are well suited for the task of
scanning the grating mn a 4M device. FIG. 3 shows a
partially assembled example of this type of magnetic micro-
actuator. In FIG. 3, a folded spring flexure 1s shown that
supports a center driven plunger. The microactuator 1is
capable of providing forces 1n the milli-Newton range with
motion ranges of several hundred microns. Variable reluc-
tance magnetic microactuators also can be operated 1n
resonance 1n a closed-loop mode with high efficiency. Typi-
cal resonance frequencies are near 100 Hz and input powers
of a few milliWatts are sufficient to drive the microactuator
to the full extent of 1ts motion.

[0059] One possible design of the scanning amplitude
grating calls for a grating period of 15 microns. An ampli-
tude grating of this period can be readily fabricated as
chrome on glass using commercial microlithography pro-
cessing. In the context of 4M devices, the trade-off involved
in making the choice of grating period 1s between 1ncreasing
the axial resolution and decreasing signal-to-noise ratio.
Full-volume, optically-section imaging may be achieved by
translation of the tissue relative to the 4M device. Addition-
ally, the epithelium may be translated through the device
focal plane using suction-based devices.

[0060] As will be understood by those having ordinary
skill n the art with the benefit of the present disclosure, the
scanning grating mechanism for translation of the grating
may, 1n one embodiment, be fabricated as part of the
substrate 1nstead of having the scanning grating components
being mtegrated mto a separate substrate.

[0061] As previously stated, the 4M devices may achieve
optical sectioning by structured 1llumination. One challenge
associated with the structured-illumination method of opti-
cal sectioning 1s the expected high level of background
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signal when 1maging turbid media. If the level of back-
oround signal precludes acquisition of 1image data with a
useful signal-to-noise ratio, e.g., greater than 10, then
instead of only projecting the scanning grating into a 3D
medium, 1maging may also be done through the grating. This
approach 1s analogous to a Nipkow disk. Instead of a disk,
however, a scanning grating is used. A dichroic filter (in case
of autofluorescence 1maging) may be placed behind the
orating, unlike the configuration shown 1in FIG. 1. The
background should be reduced by a factor of two 1n the case
of a scanning grating with equally wide open and closed
sections (i.e., “50% duty cycle”). An additional set of optics
may be used to relay the image at the plane of the grating to
the CMOS 1mage sensor.

[0062] Inone embodiment, a scanning grating system may
be used 1n which illumination light passes through the
orating twice. First, the illumination light passes when the
orating 1s projected into the tissue, and second, 1llumination
light passes when light 1s reflected or emitted from the tissue
and propagating towards the image sensor. This “double-
pass’ grating system arrangement 1s similar in concept to a
spinning Nipkow disc except that, 1n this embodiment, a
orating may be translated. One advantage of this approach 1s
that 1t achieves an increased suppression of background
signal from the object as compared to a “single-pass”
arrangement.

0063] Patterned Refractive Lenses

0064] As shown in FIG. 1, the 4M device may also
comprise one or more lithographically patterned, refractive
optical elements and a glass objective lens that may be
mounted 1 the MOT silicon wafer. In one embodiment, the
olass objective lens 1s spherical 1in shape and may be adapted
from a commercially available ball lens. In one speciiic
embodiment, the glass objective lens has a clear aperture of
800 microns and a thickness of 500 microns. The objective
lens may be positioned 1in the MOT silicon watfer in a simple
round aperture 81 etched through the silicon wafer 82, as
shown 1n FIG. 8B. Alternatively, the lens may be positioned
in the MOT silicon wafer by means of a multiple spring,
circular self-centering mount that may be etched through the
silicon water. All remaining components can be mounted 1n

the MOT substrate as shown 1n FIG. 2.

0065] Fabrication of Optical Elements

0066] A preferred approach to fabrication of micro-opti-
cal and opto-mechanical structures 1s based on the sol-gel
technique. The sol-gel technique has the unique potential for
simultaneous fabrication of micro-optical and opto-me-
chanical structures by UV patterning 1n a single lithography
step. No etching of patterned structures 1s required when
using the sol-gel techmique. Diffractive optical elements
using binary and grayscale photomasks [see FIG. 4A and
FIG. 5A] have previously been patterned. More recent
patterning experiments demonstrate a doubled film thick-
ness (34 um) and an rms surface roughness of 20 nm, as
shown 1n FIG. 4B. Reduced rms surface roughness means a
reduction 1n undesired scattering from lithographically fab-
ricated optical elements.

[0067] In one lithography step and using a grayscale
photomask, a thick layer of hybrid sol-gel material may be
patterned with a diffractive, a reflective, a refractive optical
surface, or a combination thereof. In grayscale lithography,
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a standard spherical optical surface 1s as simple to fabricate
as an arbitrary aspheric optical surface. To make a convex
refractive lens, for instance, the hybrid sol-gel material may
be spin-coated to form a 60-um thick film on borosilicate
glass substrates. After spinning, the films may be prebaked
at 95° C. for 10 minutes to decrease the amount of solvents
in the film. The baking step reduces the effect of photomask
adhesion to the film and also 1improves the adhesion of the
film to the glass substrate. Ultraviolet (UV) exposure may be
accomplished by using a mercury UV lamp at a wavelength
of 365 nm and a grayscale photomask.

|0068] The grayscale photomask may be designed to
impart to the film an arbitrary surface. Lithographically
fabricated optical elements may be characterized interfero-
metrically to measure the accuracy of their surface figure
and to determine their surface roughness. The accuracy of
the surface figure determines the optical elements’ first-
order properties, ¢.g., the focal length, and the aberrations
introduced by the optical elements. The surface roughness
determines the fraction of light that i1s scattered by the
optical elements, leading to reduced throughput and reduced
contrast due to stray light. The scattering properties of the
patterned hybrid sol-gel material may be further character-
ized 1 terms of a bi-directional scattering distribution
function (BSDF). The BSDF determines the angular distri-
bution of scattered light. The BSDF data may be used to
increase the accuracy of modeling of 4M systems and to
improve 4M designs by controlling stray light.

[0069] As previously indicated, in one embodiment the
optical elements may be patterned to a depth of 60 microns.
For a given lens-aperture size, the patterned depth estab-
lishes a lower limit on the focal length of a lithographically
patterned optical element. Finally, it 1s preferable that the
precursors used 1n hybrid sol-gel material processing be
filtered to avoid the introduction of impurities that could
orve rise to autofluorescence of the fabricated optical ele-
ments.

0070] CMOS Active-Pixel Arrays

0071] One challenge associated with the structured-illu-
mination method of optical sectioning 1s the expected high
level of background signal when imaging turbid media. In
the nominal structured-illumination approach, computa-
tional methods may be used to remove out-of-focus light.
Consequently, system performance may ultimately be lim-
ited by the noise associated with fluorescence generated at
out-of-focus planes.

[0072] One way to reduce the effect of the out-of-focus
plane fluorescence background 1s to replace a standard CCD
camera with a custom CMOS active-pixel image sensor with
a narrow (Af=1 Hz) tuned temporal-frequency band-pass
filter at each pixel. The band-pass filter will block the
unmodulated background fluorescence or reflected light that
originates at planes below and above the optical section.
This 1s based on the assumption that the noise spectral power
density 1s constant as a function of temporal frequency, 1.€.,
the noise 1s white. The band-pass filter will therefore also
reduce the integrated noise power.

[0073] There are several additional methods by which the
signal can be better discriminated from background. For
instance, the DC background signal can be reduced by a
factor of two by i1lluminating and 1imaging through a scan-
ning grating. Additionally, the oscillation frequency of the
micro-mechanical scanning grating, 1.e., the carrier fre-
quency, may be increased. From a theoretical viewpoint, the
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increase in the oscillation frequency (i.e. from 30 Hz to 100
Hz) should result in at least a three-fold decrease in noise
power. Furthermore, every pixel 1n the 1mage sensor may
also contain a 1-Hz band-pass filter to further limit the
integrated noise power.

[0074] CMOS active-pixel image sensors have become
serious competitors to CCDs (and any other image sensing,
technique) in virtually all imaging applications. CMOS 1is
especially appropriate 1n the present application due to the
system advantage of signal processing 1n each pixel such as
band-pass filtering. In one preferred embodiment, the filter’s
band-pass 1s centered at 100 Hz, which 1s the modulation
frequency of the reflectance or autofluorescence signal
resulting from the motion of the scanning grating. The
images recorded with this kind of custom active-pixel image
sensor will correspond directly to the reflectance variation or
autofluorescence distribution at the object depth and no
post-processing of multiple 1images will be necessary.

[0075] Readily available, sub-micron CMOS fabrication
processes will support 1implementation of the photo-diode
and signal processing circuits within a pixel area of 15
umx15 um or less. A 100x100 pixel array with peripheral
support circuits should easily fit on a chip of 2 mmx2.5 mm
or less. These chip dimensions are compatible with the
requirements of the embodiment of the 4M device shown 1n

FIG. 1.

[0076] In one embodiment of the present invention, the
image recorded on the CMOS active-pixel 1mage sensor
may be magnified electronically rather than optically for
viewing by eye, 1.e., the 1mage will be displayed scaled up.
Such electronic magnification 1s equivalent to the optical
function performed by an eyepiece: In each case, the user
perceives the final 1mage at a comfortable viewing distance,
¢.g., 250 mm.

[0077] Additionally, the field of view of the 4M devices
may be expanded 1n many ways. This 1s desirable because 1t
allows for more efficient imaging. The field of view may be
expanded, for example, by introducing additional, low-
magnification 1maging systems on one MOT substrate
alongside the miniature microscope. This may be accom-
plished without significantly increasing the size of the
microscope. Alternatively, “contact” 1maging may be pos-
sible whereby the bottom surface of the microscope device
1s 1tself a low-resolution 1mage sensor.

[0078] Even with a limited field of view, an imaging
device capable of sub-cellular resolution has important
clinical roles. First, clinicians already use their visual rec-
ognition skills to decide where to obtain diagnostic biopsies.
Using the present microscope devices to interrogate these
arcas may reduce the costs of detecting pre-cancer by better
cuiding biopsy during such procedures as colposcopy or
visual examination of the oral cavity. Second, the micro-
scopes may be similarly used at the time of tumor resection
to aid 1n margin detection. Third, 4M devices may be used
to facilitate chemoprevention studies 1n the cervix and the
oral cavity.

0079] Studies

0080] Reflectance Imaging Preliminary Studies

|0081] The preliminary imaging studies presented here
emphasize 1imaging of tissue sections that are perpendicular
to the planes that will be 1maged with the 4M devices.
However, these preliminary data may be useful in interpret-
ing the 1mage data to be acquired eventually by 4M devices.
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[0082] The use of high-resolution, in vivo confocal imag-
ing may offer a clinically useful adjunct to standard methods
for the diagnosis and screening of epithelial pre-cancers. A
reflectance-based confocal microscope was used to 1mage
cervical cells and colposcopically normal and abnormal
cervical biopsies. Images were obtained before and after the
application of 6% acetic acid. The confocal microscope
resolved sub-cellular details throughout the entire epithelial
thickness. Normal and abnormal cervical tissue were clearly
differentiable. Addition of acetic acid enhanced nuclear
signal 1 all acquired 1mages. Confocal 1mages of a short-
term tissue culture of cervical tissue show the increase in
nuclear-to-cytoplasmic ratio throughout the epithelium (see
FIG. 15). These preliminary studies show that high-contrast,
reflected-light images of cervical tissue are attainable in near
real-time using a conventional confocal microscope.

0083] Autofluorescence Imaging Studies

0084] While a number of clinical studies have demon-
strated that fluorescence spectroscopy can provide highly
sensitive, specific, and cost-effective diagnosis of cervical
precancers, the underlying biochemical mechanisms respon-
sible for differences in fluorescence spectra of normal and
dysplastic tissue are not fully understood. It has recently
been demonstrated that short-term tissue cultures of normal
and neoplastic tissue could be used to assess differences 1n
autofluorescence of normal and dysplastic tissue and to
understand the biological basis for these differences. Short-
term tissue cultures represent a novel, biologically appro-
priate model for understanding epithelial autofluorescence.

[0085] Transverse, short-term tissue cultures were pre-
pared from colposcopically normal biopsies 1n a 31-patient
study and from normal and abnormal biopsies 1n a 34-patient
study. Autofluorescence 1mages were acquired at 380 and
460 nm excitation. At both excitation wavelengths, measur-
able epithelial and stromal autofluorescence was detected.
The autofluorescence of both tissue layers was found to be
age and hormone-status dependent. Fluorescence images
were placed into groups: (Group 1) bright epithelial and
weak stromal fluorescence, (Group 2) similar epithelial and
stromal fluorescence, and (Group 3) weak epithelial and
bright stromal fluorescence. The average ages of women in
the groups were 30.9, 38.0, and 49.2 years. Epithelial
fluorescence intensity was similar in Groups 1 and 2, but
weaker 1n Group 3. Stromal 1ntensity was similar 1n Groups
2 and 3, but weaker 1n Group 1. The ratio of epithelial to
stromal fluorescence intensity was significantly different for
all groups. These results suggest a biological basis for the
increased {fluorescence seen 1n older, postmenopausal
women.

[0086] With the development of dysplasia, statistically
significant increases 1n epithelial fluorescence mtensity were
observed at 380 nm excitation 1n pre-cancerous ftissue
[106+39 in arbitrary units (AU)] relative to normal tissue
(85+30 AU). The fluorophore responsible for this increase is
likely NADH. Stromal fluorescence intensities in the dys-
plastic samples decreased at both 380 nm [102+34 (pre-
cancer) vs. 15144 (normal) | and 460 nm excitation [ 93+35
(pre-cancer) vs. 137+49 (normal)], i.e., wavelengths at
which collagen 1s excited. A fissue’s metabolic state 1s
sometimes described by calculating the “redox ratio,” a
quantity obtained by dividing the fluorescence of FAD by

the summed Huorescence of FAD and NADH. The redox
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ratio which typically decreases in cancer, 1s sensifive to
changes 1n metabolic rate and vascular oxygen supply. In
principle, the Blue 4M device may be adapted to simulta-
neously record both fluorescence signals, to measure the
redox ratio directly.

[0087] Decreased redox ratio (17% to 40% reduction),
indicative of increased metabolic activity, was observed 1n
the pre-cancerous samples. These results provide valuable
insight 1to the biological basis of differences in fluores-
cence of normal and pre-cancerous cervical tissue. Further-
more, the results show that short-term tissue cultures pro-
vide a novel biological system to explore the optical changes
that accompany the development of pre-cancer in human
tissue. This model system can be used to further explore the
capabilities of 4M devices 1in both autofluorescence and
reflectance mode, assessing the devices’ ability to discrimi-
nate the changes 1n morphology and biochemistry that
accompany the development of pre-cancer 1n human tissue.

0088]

0089] Potential configurations of 4M device can be tested
using ANSYS to predict the mechanical and thermal prop-
erties of the planned 4M devices. Thermal analysis using
ANSYS will predict the effects of power-dissipation due to
the light source, the scanning grating, and the CMOS 1mage
sensor. This analysis may be used to control the cumulative
clfect of power dissipation on the imaging function of a fully
integrated 4M device. In addition, detailed simulations of
the 4M-device optics can be performed using ASAP, a
non-sequential ray tracing (NSRT) program. NSRT analysis
may be used to quantitatively determine the contrast-reduc-
ing effects of light scattering from the lithographically
fabricated optical elements and any other sources of stray
light within the 4M device. Most significantly, NSRT analy-
sis can be used to suppress any these effects, by means of
micro-baftles, for instance. 4M devices may be tested, for
example, 1n three biologically appropriate models of normal
and neoplastic oral-cavity epithelium. Tissue-engineering,
methods may be used to develop three dimensional organo-
typic cultures of normal and neoplastic oral cavity and
cerviXx. Secondly, short-term tissue cultures of normal and
neoplastic oral cavity and cervical tissue from tissue biop-
sics can be prepared. Third, an animal model of oral-cavity
neoplasia, the hamster cheek pouch model of carcinogen-
es1s, may be used. These model systems will provide data
from biologically relevant specimens of normal and neo-
plastic epithelium that will allow for the testing of 4M
devices.

Testing

0090] Organotypic Cultures

0091] Growing cells as an adherent monolayer in plastic
dishes or 1n suspension culture 1s technically simple. There-
fore, 1t 1s the major method that cell biologists use to study
animal and human normal and original phenotypic charac-
teristics. Cells are separated from different types (e.g.,
mesenchymal cells are separated from epithelial cells) to
prevent one type from dominating another when their
orowth rates or growth requirements vary. The maintenance
of the various tissue components in their normal anatomical
relationship 1s 1important for regulation of growth and dif-
ferentiation. Tumor cells, stromal fibroblasts, or endothelial
cells, may express a set of genes 1n situ that only partially
overlaps the set of genes expressed by each cell type in
1solation from the others in primary cultures.
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[0092] In addition, the mesenchymal cells may secrete
factors that the tumor cells can use as mitogens. Organotypic
cultures have been developed initially for skin and then
adapted for a variety of epithelial cancers as an approach to
provide three dimensional growth with epithelial cell-epi-
thelial cell interactions that are major features of solid
carcinomas and are lost partially in monolayer cultures. The
method 1s based on the growth of epithelial cells at the
air-liquid interface on top of a reconstituted collagen gel
containing fibroblasts.

[0093] This organ culture provides conditions that pre-
serve fissue architecture, growth, and function. It can be
prepared with different cell layers and can be analyzed as a
fissue without restrictions imvolved in obtaining actual sur-
o1cal specimens from patients or volunteers. Organ cultures
are also more reproducible than tissues obtained from dif-
ferent mndividuals. It 1s believed that pre-clinical research
would benefit from analysis of novel diagnostic approaches
directly in organotypic cultures. The results are likely to be
more 1nformative and can be extrapolated to the 1 vivo
situation with greater confidence than work with cell lines 1n
monolayer cultures. Therefore, short-term organotypic cul-
tures of oral cancer cells may be used to determine the
ciicacy of new diagnostic approaches such as those pro-
posed here.

10094] Organotypic cultures of normal cervix, cervical
neoplasia, and oral-cavity neoplasia may be examined using
4M devices designed to measure autofluorescence. Using
380 and 460 nm excitation, analysis can be done as to how
well the 4M device separates fluorescence of the epithelial
cells from the supporting stroma and how elfectively signals
from normal and neoplastic samples can be separated.
Similar tests can also be performed to record reflected-light
optical-section 1mages. The performance of 4M devices can
be characterized based on autofluorescence and reflectance
in terms of signal-to-noise ratio, penetration depth, and the
ability to separate normal and neoplastic samples.

0095] Short-Term Tissue Cultures

0096] While organotypic cultures allow for the examina-
tion of autofluorescence and reflectance in a three-dimen-
sional geometry, there may be differences in the fluorescence
of the cell lines used 1n this model system and the pre-
cancerous epithelial cells found i1n lesions in vivo. The
second testing model overcomes this limitation. Short-term
cultures of normal and neoplastic biopsies obtained from
patients can be prepared. For instance, biopsies (2 mmx4
mmx1 mm) of the oral cavity and the cervix may be
obtained from patients. Preferably, cervical biopsies will be
obtained from women being seen for colposcopy because of
an abnormal Pap smear. Preferably, biopsies of the oral
cavity will be obtained from patients suspected to have an
oral-cavity cancer. Bilopsies should be obtained from a
normal-appearing arca and an area suspected for dysplasia.
The biopsies may placed in chilled culture medium (DMEM
without phenol red), and embedded in 4% agarose for
slicing. A Krumdieck Tissue Slicer (Alabama Research and
Development MD1000-A1) may then be used to obtain 200
um thick fresh tissue slices, cut perpendicular to the epithe-
lial surface. Fluorescence and reflectance images can then be
obtained from tissue slices within 1.5 to 5 hours of biopsy.
Control experiments show that fluorescence intensities are
stable to within £10% for up to 5.5 hours after preparation
of the slices.
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0097] Animal Models

0098] Organotypic cultures and short-term tissue cultures
do not allow for the monitoring of lesion progression over
time or to examine the effects of angiogenesis. Thus, an
animal model may be used for further testing of 4M devices.
The hamster cheek pouch carcinogenesis model, using
chronic treatments of dimethylbenz| ¢ Janthracene (DMBA)
may be used as a model system to investigate changes in
epithelial tissue fluorescence throughout the dysplasia-car-
cinoma sequence. Images may be taken weekly using both
autofluorescence at 380 and 460 nm excitation and reflected
light at 800 nm from both DMBA ftreated animals and
control animals. Histopathology may be obtained at regular
intervals throughout the study.

[0099] Previous studies that have investigated the autof-
luorescence of this model at weekly intervals and found that
diagnostic algorithms based on autofluorescence can sepa-
rate neoplastic and non-neoplastic tissue with 95% sensitiv-
ity and 93% specificity. The greatest contributions to diag-
nostic algorithms were obtained with excitation 1n the 370-
380 nm wavelength range. This result was similar to that
found 1 an 1n vivo study of both cervical and human
oral-cavity neoplasia. Consequently, the hamster-cheek-
pouch model 1s very well suited to characterize the perfor-
mance of the 4M devices. Changes 1n fluorescence intensity
arc apparent as carly as three weeks following initial treat-
ment with DMBA, while morphologic changes associated
with dysplasia occur on average at 7.5-12.5 weeks following
initial treatment. Performance of 4M devices 1n 1maging
autofluorescence and reflected light 1n these models may be
compared 1n terms of SNR, penetration depth, and the ability
to separate normal and neoplastic samples (quantified in
terms of sensitivity and specificity as compared to histopa-
thology).

0100] Contrast Agents

0101] The techniques of this disclosure may be used in
conjunction with any type of contrast agent. For instance,
any type of dye may be used, including a dye conjugated to
any type of antibody. For 1nstance, a dye may be conjugated
to an antibody for cytokeratins. Such a dye may be, for
mstance, Nile Blue A and/or Texas Red. Further, in different
embodiments, one may use reflective nanoparticles to aid in
imaging. For example, in one embodiment, gold nanopar-
ticles may be used to increase 1imaging contrast. In another
embodiment, quantum dots may be used.

EXAMPLES

0102] NA=0.4 Red 4M Device

0103] The proposed 4M device shown in FIG. 1 is

water-immersion, has a numerical aperture of NA=0.4, a
working distance of WD=250 um, a field of view 300 ym 1n
diameter, a ftransverse magnification of m=-4, and 1is
designed for monochromatic operation at 8O0 nm. Due to the
wavelength choice, this 1s called the “Red” 4M device. The
value of the NA 1s bounded by a 60-yum maximum thickness
of the UV-patternable hybrid sol-gel material that we expect
to reach 1 Year One. The Red 4M device shown 1in FIG. 1
1s designed for use with an array of photodetectors that are
spaced by 10 um.

10104] The lateral resolution of this Red 4M device at the
tissue level 1s expected to be approximately 5 microns.
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Those skilled 1n the art will realize that other 4M devices
may be based on a configuration similar to that shown 1in
FIG. 1. The primary difference will be an increased NA and
a lateral resolution at the tissue level of approximately 3
microns. Additionally, other light sources may be used that
operate over a variety of wavelengths. Additionally, a plu-
rality of light sources could be used, and each light source
could operate 1n various wavelength ranges.

10105] The 4M device shown in FIG. 1 has been analyzed
in terms of fabrication and assembly tolerances. Table 1 lists
the top four tightest design tolerances. These tolerances have
to be met for the optics of the 4M device in F1G. 1 to remain
diffraction-limited in 1maging performance. The expected
lens-positioning accuracy of £2 um and rotation accuracy of
+(0.5 mrad compare very favorably with the position and
rotation tolerances required by the 4M device. The radius-
of-curvature tolerance 1s a “precision” tolerance and will be
achieved by fabricating multiple replicas of each lens and
then selecting those lenses that are within the specified
tolerance. The 1ndex-of-refraction tolerance 1s a loose,
“commercial” tolerance.

TABLE 1

Selected four tightest fabrication and assembly tolerances
assoclated with NA = 0.4 Red 4 M device.

Tolerance Type Tolerance Values

Radius of curvature +0.3%

Hybrid sol-gel material index of refraction  +0.001

Position of lithographically patterned lenses 10 gm (lat.); £10 ym
(vert.); —0/+3 um (axial)

Rotation of lithographically patterned lenses =8 mrad

[0106] NA=0.6 Red 4M Device

10107] The proposed 4M device shown in FIG. 9 is a
water-immersion Red 4M device designed to operate with a
numerical aperture of NA=0.6, a working distance of
WD=250 um, a field of view 250 um 1n diameter, a trans-
verse magnification of m=r4. This 4M device 1s designed
for monochromatic operation at 800 nm. FIG. 9 shows a
schematic diagram of this preliminary design. A significant
feature of the NA=0.6 design 1s that the relative positions of
the optical elements remain the same as in previously
introduced 4M devices. Consequently, the MOT silicon
substrate shown 1n FIG. 8B needs no modification and can
be re-used for this higher-performance miniature micro-
scope. The relatively low-cost optical elements, on the other
hand, can be readily modified according to the design’s
specifications.

[0108] NA=0.4 Blue 4M Device

10109] The Blue 4M device needs to be designed for
imaging over a wavelength range extending from 380 nm to
500 nm. A design similar in form and specifications to that
shown 1n FIG. 9 has been developed. There are two major
differences between the Red and Blue 4M-device designs:
(1) the ball lens from which the objective lens may be
fashioned i1n the Blue 4M device may be made from a
lower-dispersion glass than 1ts counterpart in the Red 4M
device design, and (2) the lens labeled “1” in FIG. 9 is a
combination diffractive-refractive lens. The use of a prop-
erly selected diffractive surface all but compensates for any
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longitudinal (a.k.a. axial) and lateral chromatic aberrations
that may be encountered 1n the design.
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What 1s claimed 1s:
1. An apparatus for recewving and positioning optical
components, the apparatus comprising;:

a substrate;

one or more mounting slots formed 1n the substrate, each
mounting slot comprising a mounting slot wall, and at
least one of the mounting slots adapted to receive an
optical component; and

one or more springs, wherein at least one of the mounting,

slots 1s coupled to one of the springs.

2. The apparatus of claim 1, wherein the substrate has a
length of less than about 10 mm, a width of less than about
5 mm, and a thickness of less than about 3 mm.

3. The apparatus of claim 1, wherein the substrate is
silicon.

4. The apparatus of claim 1, wherein the substrate 1s
metal.

5. The apparatus of claim 1, wherein at least one of the
mounting slots further comprise one or more grooves
formed 1n the mounting slot wall.

6. The apparatus of claam 5, wherein each groove 1s
adapted to receive a protrusion formed on the optical com-
ponent.
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7. The apparatus of claim 6, wherein the springs are
coniigured to secure at least one of protrusions formed on
the optical component 1n at least one of the grooves formed
in the mounting slot wall.

8. The apparatus of claim 1, wherein the springs are
silicon.

9. The apparatus of claim 1, wherein each spring com-
prises a first elongated portion and a second elongated
portion, the second elongated portion coupled to the first
clongated portion such that an angle defined by the first
clongated portion and the second elongated portion 1s acute.

10. A microscope for generating 1images of tissue, com-
prising:

a substrate;
a plurality of springs;

a plurality of mounting slots formed 1n the substrate, each
of the plurality of mounting slots adapted to receive an
optical component, each of the plurality of mounting
slots comprising a mounting slot wall, and each mount-
ing slot having one of the plurality of springs coupled
to the mounting slot wall;

a plurality of optical components;

wherein one or more of the plurality of optical compo-
nents are adapted to be partially contained 1n one or
more of the plurality of mounting slots.

11. The microscope of claim 10, wherein each of the
plurality of mounting slots further comprise one or more
ogrooves formed 1n the mounting slot wall.

12. The microscope of claim 11, wherein the plurality of
optical components adapted to be at least partially contained
in the plurality of mounting slots further comprise one or
more protrusions that are adapted to be received in the one
Or MOTre Zrooves.

13. The microscope of claim 11, wherein the plurality of
optical components comprise:

an 1llumination source configured to i1lluminate the tissue
with radiation;

a detector configured to collect radiation from the tissue;

a beam splitter 1n operative relation with the 1llumination
source and the detector, the beam splitter configured to
select a first wavelength to be directed from the 1llu-
mination source to the tissue and configured to select a
second wavelength to be directed from the tissue to the
detector; and

a lens 1n operative relation with the beam splitter.

14. The microscope of claim 13, wherein the 1llumination
source, detector, and beam splitter are adapted to be at least
partially contained in one of the plurality of mounting slots.

15. The microscope of claim 14, wherein the 1llumination
source, detector, and beam splitter each further comprise one
or more protrusions that are adapted to be received in the one
OT MOTE Zrooves.

16. The microscope of claim 13, wherein the 1llumination
source 1s located externally to the substrate.

17. The microscope of claim 13, wherein the plurality of
optical components further comprise:

a collector mirror 1n operative relation with the light
source, the collector mirror;
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one or more refractive lenses 1 operative relation with the
beam splitter, the one or more refractive lenses;

a scanning grafing 1n operative relation with the beam
splitter, the scanning configured to be used for optical
sectioning; and

a CMOS active-pixel image sensor.

18. The microscope of claim 13, wherein the collector
mirror, the one or more refractive lenses, and the scanning
orating are adapted to be at least partially contained 1n one
of the plurality of mounting slots.

19. The microscope of claim 13, wherein the scanning
orating 1s a double-pass scanning grating.

20. The microscope of claim 13, wherein the scanning
orating 1s 1tegral with the substrate.

21. The microscope of claim 13, wherein the 1llumination
source emits wavelengths from between 350 nm to 500 nm.

22. The microscope of claim 13, wherein the 1llumination
source emits wavelengths from between 600 nm to 1100 nm.

23. The microscope of claim 10, wherein the substrate has
a length of less than about 10 mm, a width of less than about
5 mm, and a thickness of less than about 2.5 mm.

24. The microscope of claim 10, further comprising a
low-magnification imaging system.

25. A method for imaging tissue, comprising;

obtaining a microscope comprising:
a substrate,
a plurality of springs,

a plurality of mounting slots formed 1n the substrate,
cach of the plurality of mounting slots adapted to
receive an optical component, each of the plurality of
mounting slots comprising a mounting slot wall, and
cach mounting slot having one of the plurality of
springs coupled to the mounting slot wall,

a plurality of optical components,

wherein one or more of the plurality of optical com-
ponents are adapted to be partially contained 1n one
or more of the plurality of mounting slots;

imaging the tissue with the microscope.

26. The method of claim 25, wherein the 1maging com-
prises confocal imaging.

27. The method of claim 25, where the confocal imaging
comprises confocal reflectance 1maging and confocal fluo-
rescence 1maging.

28. The method of claim 25, wherein the 1maging com-
prises fluorescence 1maging.

29. The method of claim 25, wherein the 1maging com-
prises reflectance 1maging.

30. The method of claim 25, wherein the 1maging com-
prises confocal 1imaging, fluorescence 1maging, and reflec-
tance 1maging.

31. The method of claim 25, wherein the 1maging com-
prises 1maging a tumor 1n the tissue.

32. The method of claim 31, wherein the 1maging com-
prises confocal 1maging.

33. The method of claim 31, where the confocal imaging
comprises confocal reflectance 1maging and confocal fluo-
rescence 1maging.

34. The method of claim 31, wherein the 1maging com-
prises fluorescence 1maging.
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35. The method of claim 31, wherein the 1maging com-
prises reflectance 1maging.

36. The method of claim 31, wherein the 1maging com-
prises confocal 1imaging, fluorescence 1maging, and reflec-
tance 1maging.

J7. The method of claim 31, further comprising marking
the tumors with a dye.

38. The method of claim 37, wherein the dye 1s conju-
cgated to an antibody.

39. The method of claim 38, wherein the dye 1s conju-
cgated to an antibody for cytokeratins.
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40. The method of claim 39, wherein the dye 1s Nile Blue
A.

41. The method of claim 39, wherein the dye 1s Texas Red.

42. The method of claim 31, further comprising marking,
the tumors with a reflective nanoparticle.

43. The method of claim 42, the nanoparticle comprising,
oold.

44. The method of claim 31, further comprising marking,
the tumors with a quantum dot.
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