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OBLIQUE PLANE MICROSCOPY SYSTEM AND METHOD

BACKGROUND

Conventional optical microscopy provides high resolution imaging for a wide range of
applications. In certain situations, for example, where biological samples are being imaged, it is
desirable to obtain optically sectioned images, which usually correspond to axially thin slices
through the sample. Advantages of optically sectioned imaging include improved image contrast
through the reduction in contributions from out-of-focus planes and the ability to produce three-
dimensional (3D) images. So-called “light-sheet” microscopy is an optically sectioned imaging
technique in which a thin “sheet” of light is used to illuminate the sample. This approach is
beneficial in many applications, particularly for imaging living biological samples, because the
illumination beam dose is lower than in various other conventional optically sectioned imaging
techniques, and the approach is therefore far less photo-toxic to the sample. Despite its benefits,
light-sheet microscopy historically was not widely adopted due to the awkward nature of most
implementations, which use two orthogonally positioned lenses; one lens to deliver the light-
sheet (to illuminate the sample) and the other to collect the image. Due to the resulting
geometrical constraints, these implementations are typically not compatible with many biological
sample preparation techniques, including glass slides, dishes, and multi-well plates.

A form of light-sheet microscopy, referred to as oblique plane microscopy, was
developed in which three objectives are used to tilt the image plane and thereby achieve in-focus
imaging of an oblique plane within the sample. Oblique plane microscopy allows an oblique
plane in the sample to be illuminated and imaged with the same objective lens and is therefore
compatible with standard glass-slide and other sample preparation techniques, while also
retaining the benefits of minimal photobleaching and phototoxicity associated with optically
sectioned imaging. The concept of oblique plane microscopy and implementations thereof are
described in “Optically sectioned imaging by oblique plane microscopy,” by C. Dunsby,
OPTICS EXPRESS, Vol. 16, No. 25, December 8, 2008 (herein referred to as “Dunsby”). The
oblique plane microscopy system presented in Dunsby provided a benefit over conventional
optically sectioned microscopy methods; however, the figure of merit, specifically the numerical
aperture (NA) of the optical system, is too low for the technique to be useful in many

applications. For example, conventional high-resolution microscopy can achieve a numerical
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aperture value as high as 1.33 for an aqueous sample, whereas the Dunsby system achieves a
theoretical numerical aperture value of only 0.74 for a water immersion objective.

A modification to the oblique plane microscopy system described in Dunsby was
presented by Yang et al. in “High Numerical Aperture Epi-illumination Selective Plane
Hllumination Microscopy,” published as a preprint article on bioRxiv on February 28, 2018
(herein referred to as “Yang”). Referring to FIG. 1, the Yang system is a single-objective oblique
epi-illumination selective plane illumination microscope in which a water-immersion objective
(O1) 110 is used for both sample illumination and fluorescence collection. According to Yang,
the illumination light-sheet has an incident angle of 60 degrees (°) relative to the optical axis of
01, and a remote imaging module includes two objective lenses (O2 and O3) 120, 130 arranged
at an angle of 30°, such that the intermediate image produced by O2 is re-imaged by O3 in focus.
The light 140 is focused by optics 150 onto a detector 160 for imaging. Yang discloses that the
tilted arrangement of O2 and O3 conventionally caused a loss in numerical aperture (e.g., as is
the case with the Dunsby system) because it tilts part of the light cone generated by O2 out of the
collectable range of O3. For high numerical aperture systems in which O3 is tilted relative to O2,
when the numerical aperture of O2 is high enough to ensure sufficient coverage of the numerical
aperture of Ol, in previous implementations it was impractical for O3 to have an even larger
collection cone. Yang addressed this issue by selecting a mismatched pair of objectives for the
remote imaging module, using an air objective for O2 (NA = 0.9) and a water-immersion
objective for O3 (NA = 1.0) and separating the focal space between O2 and O3 with a coverglass
located at the intermediate image plane 170 to allow for water on one side and air on the other.
According to Yang, the z’ position of the coverglass can be adjusted to minimize spherical
aberration, and the refractive index difference between the working media (air and water) of O2

an O3 compresses the angle of the O2 light cone, thereby reducing numerical aperture loss.

SUMMARY OF INVENTION
The Yang system achieves a numerical aperture value of 1.06, much higher than that of
the Dunsby system, but still less than the NA = no (= 1.33 for aqueous samples) that can be
theoretically achieved using conventional high-resolution optical microscopy. Aspects and
embodiments are directed to oblique plane microscopy systems that achieve a numerical aperture

value approaching the theoretical NA = no limit achievable with conventional high resolution
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microscopes, while also providing the benefits (e.g., reduced photobleaching and phototoxicity,
improved image contrast, and ability to produce 3D images) associated with optically sectioned
imaging as well as convenient, practical implementation arrangements than can be used with
standard bench microscopes and common sample preparation techniques, including glass
coverslips and multi-well plates. Accordingly, aspects and embodiments may provide a solution
for nearly uncompromised single-objective oblique plane microscopy suitable for a broad range
of applications.

According to one embodiment, an oblique plane microscopy system is configured to
image a sample having a refractive index no, the system comprising a first microscope arranged
to receive light emitted from the sample, the first microscope including a first objective lens
having at least one of a first numerical aperture NA; > no and a first immersion medium with a
first refractive index n; that is approximately equal to no, a second microscope including a
second objective lens, a combination of the first and second microscopes being configured to
produce an intermediate image of the sample with a magnification Mgg, the second objective
lens having a second numerical aperture NA», the intermediate image being formed in a second
immersion medium having a second refractive index n», wherein the magnification Mgr is
approximately equal to a ratio (ni/n2) of the refractive indices of the first and second immersion
media, and a third microscope focused on the intermediate image and including a third objective
lens having a third numerical aperture, the third objective having an optical axis that is tilted
relative to an optical axis of the second objective by a tilt angle such that the third microscope
images an oblique plane in the intermediate image, corresponding to an oblique plane in the
sample, the third objective lens being configured and arranged to collect substantially all the
light from the second microscope.

In one example, the refractive index of the sample is in a range of 1.33 to 1.41. In one
example, the first objective lens is a silicone immersion lens. In another example, the first
numerical aperture is NA1 > 1.35. In another example, the first refractive index is n1 = 1.41. In
another example, the second immersion medium is air such that the second refractive index is n2
= 1.0. In one example, the second numerical aperture is NA2 > 0.95.

In another example, a ratio of the second numerical aperture to the second refractive
index (NAx/n2) is greater than or equal to a ratio of the first numerical aperture to the first

refractive index (NA1/n1).
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In one example, the tilt angle is selected to optimize a collection efficiency of the
microscopy system.

In another example, the first objective lens is a glycerol immersion lens.

In another example, the third numerical aperture is NA3 > na.

In one example, the third objective lens includes a solid glass frustum. In another
example, the third objective lens is configured with a working distance in a range of 0 - 20 ym in
air.

In one example, the oblique plane microscopy system further comprises a light source
arranged to provide an incident beam of light to illuminate an oblique plane in the sample, the
oblique plane illuminated corresponding to the oblique plane being imaged. In one example, the
incident beam of light is directed through the first objective lens. In another example, the third
microscope is rotatable to adjust the tilt angle. In one example, the tilt angle is selected based in
part on a divergence angle of the illumination light beam.

The first microscope may further include a first lens, the first microscope having a first
magnification M1, and wherein the second microscope further includes a second lens having a
focal length, fri2, selected to set a magnification of the second microscope, M2, such that Mgrr =
M*MoT = (ni/no).

According to another embodiment, an oblique plane microscopy system configured to
image a sample having a refractive index no comprises a first microscope arranged to receive
light emitted from the sample, the first microscope including a first objective lens having a first
numerical aperture NA; and a first immersion medium with a first refractive index ni, the first
objective lens being configured based on a selected compromise between a first ideal condition
of NA; > no and a second ideal condition of ni; being approximately equal to no, a second
microscope including a second, air-immersion objective, a combination of the first and second
microscopes being configured to produce an intermediate image of the sample with a
magnification Mrr = ni, and wherein a second numerical aperture of the second, air-immersion,
objective, NAo, is selected to approach a third ideal condition of NA2 being greater than or equal
to a ratio of the first numerical aperture to the first refractive index (NAi/n1), and a third
microscope focused on the intermediate image and including a third objective lens having a third

numerical aperture NA3 > 1, the third objective having an optical axis that is tilted relative to an
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optical axis of the second objective by a tilt angle such that the third microscope images an
oblique plane in the intermediate image, corresponding to an oblique plane in the sample.

In one example, the first objective lens is a silicone immersion objective.

In another example, the tilt angle is selected to optimize a collection efficiency of the
microscopy system.

In one example, the third objective lens includes a solid glass frustum positioned to
intersect a field-of-view of the second, air-immersion objective. In one example, the solid glass
frustum has a beveled edge. In another example, the solid glass frustum is shaped to allow an end
region having a size corresponding to the field-of-view of the second, air-immersion objective to
be inserted into the field-of-view and to collect the available light from the second, air-
immersion objective. In another example, the third microscope is rotatable to adjust the tilt angle.

Another embodiment is directed to a method of configuring a microscopy system for
imaging an oblique plane in a sample, the microscopy system including a first microscope, a
second microscope, and a third microscope. The method comprises selecting a first objective for
the first microscope based on a chosen compromise between first and second ideal conditions for
the first objective, the first ideal condition being that the first objective has a first numerical
aperture NA1 > no, wherein no is an estimate of a refractive index of the sample, and the second
ideal condition being that the first objective has a first immersion medium with a first refractive
index ni1 = no, wherein the first objective is configured to direct an illumination light-sheet to the
sample and to collect emission light from the sample, selecting a second objective for the second
microscope, the second objective being configured to collect substantially all the emission light
from the first objective, configuring the second microscope to re-image the oblique plane in the
sample onto an intermediate image plane, selecting a third objective for the third microscope, the
third objective being positioned on an opposite side of the intermediate image plane relative to
the second objective and configured to collect substantially all the emission light from the second
objective while accommodating a tilt angle a, and positioning the third objective such that a
primary optical axis of the third objective is rotated relative to a primary optical axis of the
second objective by the tilt angle a.

In one example, configuring the second microscope to re-image the oblique plane in the
sample includes configuring a magnification of the second microscope, Mz, such that a

magnification, Mgrg, of an image of the oblique plane in the sample at the intermediate image
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plane satisfies the condition: Mgp = MM, 1= nl/nz, where M is a magnification of the first

microscope, ni is a refractive index of an immersion medium of the first objective, and nz is a
refractive index of an immersion medium of the second objective. In another example, the
second microscope includes a lens, and configuring the magnification of the second microscope
includes selecting a focal length of the lens. In one example, selecting the second objective
includes selecting an air-immersion second objective. In another example, selecting the first
objective includes selecting a silicone immersion objective. In another example, selecting the
first objective includes selecting a glycerol immersion objective. In one example, selecting the
third objective includes selecting a third objective having a solid glass frustum. In another
example, positioning the third objective includes positioning the third objective such that a tip of
the solid glass frustum intersects a field-of-view of the second objective. In another example,

selecting the second objective includes minimizing nz and selecting a second numerical aperture,

NA:, of the second objective to meet the condition: NA, /] n, = NAl/ n;

In one example, the method further comprises adjusting the tilt angle based in part on a
divergence angle of the illumination light-sheet.

According to another embodiment, a microscopy system for high numerical aperture, low
aberration imaging of a tilted image plane comprises a first objective arranged to collect emitted
light from a sample and having a first numerical aperture NA; and a first immersion medium
with a first refractive index ni, the first objective being configured based on a chosen
compromise between first and second conditions, the first condition being NA; = no and the
second condition being n1 = no, wherein no is an estimate of a refractive index of the sample, a
second objective having a second numerical aperture NA> and being positioned and configured
to collect substantially all the emitted light from the first objective, a combination of the first and
second objectives being configured to produce an intermediate image of the sample, and a third
objective focused on the intermediate image, the third objective having an optical axis that is
tilted relative to an optical axis of the second objective by a tilt angle such that the third objective
images the tilted plane in the intermediate image, the third objective further having a solid glass
frustum that is shaped to allow an end region having a size corresponding to a field-of-view of
the second objective to be inserted into the field-of-view and to collect substantially all the

emitted light from the second objective while accommodating the tilt angle.
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In one example, the first objective is further configured and arranged to deliver an
illumination light beam to the sample.

Still other aspects, embodiments, and advantages of these exemplary aspects and
embodiments are discussed in detail below. Embodiments disclosed herein may be combined

with other embodiments in any manner consistent with at least one of the principles disclosed

PR3 PR3

herein, and references to “an embodiment,” “some embodiments,” “an alternate embodiment,”

PR ENT3

“various embodiments,” “one embodiment” or the like are not necessarily mutually exclusive
and are intended to indicate that a particular feature, structure, or characteristic described may be
included in at least one embodiment. The appearances of such terms herein are not necessarily all
referring to the same embodiment. Various aspects and embodiments described herein may

include means for performing any of the described methods or functions.

BRIEF DESCRIPTION OF THE DRAWINGS

Various aspects of at least one embodiment are discussed below with reference to the
accompanying figures, which are not intended to be drawn to scale. The figures are included to
provide illustration and a further understanding of the various aspects and embodiments, and are
incorporated in and constitute a part of this specification, but are not intended as a definition of
the limits of the disclosure. In the figures, each identical or nearly identical component that is
illustrated in various figures is represented by a like numeral. For purposes of clarity, not every
component may be labeled in every figure. In the figures:

FIG. 1 is a diagram of one example of an oblique plane microscopy system;

FIG. 2A is a functional block diagram showing the light collection path for one example
of an oblique plane light-sheet microscopy system according to aspects of the present invention;

FIG. 2B is a functional block diagram of one example of a portion of the oblique plane
light-sheet microscopy system showing an example of the illumination light path;

FIG. 3 is a diagram showing the relationships between theoretical collection angles and
resulting collection/emission path numerical apertures of the various microscopes in an oblique
plane light-sheet microscopy system according to aspects of the present invention;

FIG. 4 is a process flow diagram illustrating an example of a design methodology for an
oblique plane light-sheet microscopy system according to aspects of the present invention;

FIG. 5 is a diagram illustrating parameters of an example of an illumination light-sheet;
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FIGS. 6A-C are diagrams of examples of a third objective that can be used in
embodiments of the microscopy system of FIG. 2A according to aspects of the present invention;

FIG. 7 is a flow diagram of one example of a method for configuring a microscopy
system according to aspects of the present invention;

FIG. 8 is a diagram showing the emission path of one example of the system of FIG. 2A
according to aspects of the present invention;

FIGS. 9A and 9B are diagrams showing angular ray transmission paths for a theoretical
model of an example of the system of FIG. §;

FIG. 10 is a diagram showing the emission path of an example of the system of FIG. 8
according to aspects of the present invention;

FIG. 11 is a diagram showing an example of the third objective that can be used in the
systems of FIGS. 2A, 8, and 10 according to aspects of the present invention; and

FIGS. 12A-C are diagrams showing an example of the third objective of FIG. 11

according to aspects of the present invention.

DETAILED DESCRIPTION

Aspects and embodiments provide a solution for imaging a tilted plane at high numerical
aperture with minimal aberrations and loss in numerical aperture or optical efficiency, and which
may be applied to a wide variety of imaging applications. Certain aspects and embodiments are
directed to an oblique plane microscopy system that uses a single objective to illuminate a
sample and to collect light from the sample, along with an imaging module that includes two
additional objectives to produce high resolution images of the sample. As used herein the term
“objective” refers to an optical module that includes one or more optical elements, such as lenses
or mirrors, and is used synonymously herein with the term “objective lens.” As discussed further
below, embodiments of the microscopy system disclosed herein may achieve a numerical
aperture (NA) value in a range of 1.2 — 1.3, approaching the NA = no (= 1.33 in aqueous
samples) limit value set by conventional, non-optically sectioned (but high resolution)
microscopes, and providing significant resolution improvements over the systems disclosed in
Dunsby (theoretical NA of only 0.74) and Yang (realized NA of 1.06).

Referring to FIG. 2A there is illustrated a functional block diagram of one example of a

microscopy system according to certain embodiments. As shown, the microscopy system 200

8-
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includes a microscope module 202 and an imaging module 204 configured to image a sample
206. The microscope module 202 includes a first objective 210 (Obj1) and a first lens 212 (TL1),
which are also referred to herein in combination as the “first microscope”). In the example
shown in FIG. 2A, the sample 206 is prepared on a coverslip 208 that is placed at a front focal
plane, or object image plane (IPo), of the first objective 210; however, in other examples other
sample preparation techniques can be used, such as dishes and multi-well plates, for example.
The microscope module 202 may be a standard microscope in certain examples, that is converted
into the oblique plane light-sheet microscopy system 200 through the inclusion and arrangement
of the imaging module 204, as discussed below. The first objective 210 is used to both direct an
illumination beam 216 to the sample 206 and to collect emitted light 220 from the sample 206.
FIG. 2A shows only the light collection or imaging path of the microscopy system 200. For
completeness, FIG. 2B shows an example of an arrangement of the microscope module 202
including the illumination path.

Referring to FIG. 2B, a light source 214, such as a laser, for example, produces the
illumination beam 216. The illumination beam 216 is coupled into the optical path of the first
objective 210 using a beam-coupling device 218, and focused by the first objective 210 onto the
sample 206. In certain examples, the beam-coupling device 218 may be a beam-splitter that
reflects the illumination beam 216 toward the first objective 210 and allows the emission light
220 from the sample 206 to pass through; however, in other examples, other arrangements or
beam-coupling devices 218 may be used, as will be appreciated by those skilled in the art, given
the benefit of this disclosure. Similarly, in the example shown in FIG. 2B, the illumination path
include a lens 222 and a fold mirror 224 configured and arranged to direct the illumination beam
216 from the light source 214 to the beam-coupling device 218; however, in other examples any
number and arrangement of optical elements (lenses or mirrors) may be used to direct the
illumination beam to the first objective 210, as will be appreciated by those skilled in the art,
given the benefit of this disclosure. In certain examples, the light source 214 and the optical
elements (e.g., 218, 222, 224) that direct the illumination beam to the first objective 210 may be
part of the microscope module 202. In other examples, one or more of these components may be
separate from the microscope module 202, and may be included in the imaging module 204 or
may be part of a separate module that can be coupled to the imaging module 204 and/or the

microscope module 202.
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Referring again to FIG. 2A, in one embodiment, the imaging module 204 includes a
second microscope that includes a combination of a lens 228 (TL2), a second objective 230
(Obj2), and a third microscope that includes a combination of a third objective 232 (Obj3), and a
third lens 234 (TL3). It is to be appreciated that although the first, second, and third lenses 212,
228, and 234 are represented in FIG. 2A as single lenses, each may be implemented in practice
using one or more optical elements (lenses or mirrors). The imaging module 204 further includes
a detector 226. The combination of the first lens 212 and the second lens 228 direct the light 220
(also referred as the emission or emission light) emitted from the sample 206 from a back focal
plane (BFP1) of the first objective 210 to a back focal plane (BFP») of the second objective 230.
In the example shown in FIG. 2A, the first and second lenses 212, 228 are in a relayed
configuration, with the microscope module 202 forming a first intermediate image plane (IP1)
between the first and second lenses 212, 228, and the second lens 228 relaying the light 220 from
that image plane to the back focal plane (BFP2) of the second objective 230. The third lens 234
focuses the light 220 from a back focal plane (BFP3) of the third objective 232 onto a final image
plane (IP4) where it can be received by the detector 226. As shown in FIG. 2A, the second and
third objectives 230, 232 are arranged tilted with respect to one another, such that a second
intermediate image plane (IP2) formed at a focal plane of the second objective 230 is tilted with
respect to a third intermediate image plane (IP3) formed at a focal plane of the third objective
232 by an angle a. The angle a is referred to herein as the tilt angle of the third objective 232.

The imaging resolution of an aberration free microscopy system is proportional to the
numerical aperture (NA). Thus, the higher the overall numerical aperture achieved, the better the
imaging resolution of the system. Aspects and embodiments are directed to designing and
configuring the microscopy system 200 to achieve a very high overall numerical aperture of the
emission path, NAem, (significantly higher than is achievable for the systems of either Dunsby or
Yang), taking into account various properties and parameters of the sample 206 being imaged
and the light-sheet (illumination beam) 216 that is used to illuminate the sample 206, as well as
certain optical principles and mechanical constraints on practical implementations of the
microscopy system 200. Certain specific examples for imaging a live biological sample 206 are
presented below; however, the design process and principles disclosed herein may be applied to

any type of sample to be imaged.

-10-
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Relationships among and constraints on various important parameters of the microscopy
system 200 may be understood with reference to FIG. 3 and continuing reference to FIG. 2A.
FIG. 3 is a diagram showing the relationships between the theoretical collection angles and the
resulting collection/emission path numerical apertures of the various microscopes in the
microscopy system 200. In FIG. 3, axis 302 corresponds to the primary optical axis of the
microscopy system 200, which is also the primary optical axis of the first and second objectives
210, 230. The axis 304 corresponds to the tilted optical axis of the third objective 232, which is
tilted relative to the primary optical axis 302 by angle o, as discussed above. The numerical
aperture of the sample/coverslip interface, and for each respective objective lens is given by
Equation (1), where x =0, 1, 2, 3.

NA, =n,siné, (1)
In Equation (1), ny is the refractive index of the immersion medium of the sample or respective
objective lens, and Ox is the half angle subtended by the corresponding interface or objective lens.

The illumination light-sheet 216 has a divergence angle, ®.x. Because a single objective
lens (the first objective 210) is used to both illuminate the sample 206 and collect the light 220
emitted from the sample 206, some of the collection angle, 61, of the first objective 210 is
occupied or “used up” by the light-sheet, ®ex, as shown in FIG. 3. FIG. 3 illustrates the “best
case” where the edge of the light-sheet coincides with the edge of the collection cone of the first
objective 210 (Pex and 61 measured from the same edge-line 306 in FIG. 3). It is possible for the
light-sheet to be shifted inside the collection cone of the first objective 210 (i.e., the left edge of
the cone defined by ®ex would be moved to the right, or in a clockwise direction, in FIG. 3), but
this arrangement causes a loss in NAen (the portion of the achievable numerical aperture, NA1, of
the first objective 210 used for collecting emission).

According to Dunsby, the maximum potential numerical aperture achievable for the
resultant overall numerical aperture of the emission path of the Dunsby microscopy system is
given by:

NApor = Ny sin @y, (2)
Based on the assumption that the illumination and collection light beams 216, 220 are separated
by 90° (orthogonal to one another), the half angle of the collected emission, ®em, is derivable
from FIG. 3 and, according to Dunsby, is given by Equation (3).

Gy = 20, — Doy — T/, 3)

-11-
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However, as explained further below, according to certain aspects and embodiments, the
microscopy system 200 can be configured to collect not only ®em, but also  as well. B is a
collection angle that represents additional emitted light that was not collected in the Dunsby
system and is “recovered” in embodiments of the microscopy system 200 disclosed herein based
on aspects of the present invention. Thus, according to certain aspects, in embodiments of the
microscopy system 200:
NAem = ny sin (@ + /) @)

This is based on the recognition that the third objective 232 in certain embodiments can be
configured to capture nearly all the light from the second objective 230. Specifically, as
discussed further below, the third objective 232 can be configured such that the numerical
aperture, NA3, of the third objective 232 exceeds the refractive index, nz, of the immersion
medium of the second objective 230 (NA3 > n2). This modifies the maximum potential overall
numerical aperture for the emission/collection path, NAem, to the form given in Equation (4),
which includes the recovered emission half-angle, /2, and is substantially higher than the NApo

value previously considered by Dunsby. From FIG. 3, it can be derived that:

B = T[/Z —®em (5)
The parameter @, used in Equation (4) is given by:
Qo = 20min — Pex — T[/Z (6)

In Equation (6), Omin = min(01, 02), which reflects the recognition according to certain aspects of
the present invention that the relevant parameter for NAem is the smaller of the two collection
angles from the first and second objectives 210, 230. From the foregoing, Equation (4) can be

rewritten as:

NAe = nysin (Pem/, +7/,) %)
Neglecting reflective losses, the collection efficiency, C, of the microscopy system 204 is at least

as large as the square of the ratio of the actual/resultant emission path numerical aperture and the

numerical aperture of the first objective 210:

¢ > (Vem /NAl)Z (8)

Based on the principles discussed above, embodiments of the microscopy system 200 can

be designed and configured according to the following processes and considerations. FIG. 4 is a
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process flow diagram illustrating an example of steps and considerations that may be included in
a method of designing an oblique plane light-sheet imaging microscopy system according to
certain aspects. It will be appreciated by those skilled in the art that, given the benefit of this
disclosure, that the steps need not be performed in the order illustrated in FIG. 4. The diagram of
FIG. 4 is provided for clarity and convenience of description and is not intended to be limiting.
The process described herein leverages the recognition that each of the three microscopes has
certain properties and parameters that, when considered in the context of the overall system and
in view of properties of the light-sheet 216 and sample 206 used in any given implementation,
can be judiciously selected and configured to provide the microscopy system 200 with imaging
performance and usefulness that was previously unattainable.

Step 402 includes selecting or configuring the first objective 210.

In certain applications, such as in fluorescence microscopy through a flat coverslip, the
sample 206 may emit the light 220 in all directions, and therefore the following conditions hold:
sinfy = 1 and therefore, from Equation (1), NAo = no, where ng is the refractive index of the
sample 206. As a result, according to certain aspects it is recognized that the first objective 210
may be configured to capture all of the light emitted from the sample 206 by setting NA; > no. In
addition, for quality imaging, the first objective should be configured such that there is good
matching between the refractive index of the sample medium (no) and the refractive index of the
immersion medium of the first objective (n1). A mismatch in refractive index causes depth-
dependent aberrations in the resulting image of the sample 206. Thus, according to certain
aspects, the first objective 210 can be configured to provide both good index matching and a
good collection cone angle to maximize the collected light from the sample 206 and the imaging
resolution and quality. Ideally, the first objective 210 may be configured with NA1 > no and n; =
no; however, those skilled in art will appreciate, given the benefit of this disclosure, that it may
not be possible in practice to achieve both of these ideal conditions simultaneously, particularly
for multiple different samples. Accordingly, step 402 may include selecting a configuration for
the first objective 210 based on a compromise of these two conditions, such that the largest
practical numerical aperture is obtained while also achieving good matching in refractive index
for an expected range of samples. Thus, in certain examples, the first objective 210 may be

configured with NA1 2 no and n1 = no.
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Further, according to certain embodiments, the microscope module 202 can be
configured such that the first lens 212 and the first objective 210 are fully infinity corrected
lenses that approximate ideal lens behavior. This arrangement provides optimal remote refocus
performance.

In order to re-image any plane within a limited volume in the sample 206 with minimal
aberrations, the lateral and axial magnifications between the sample 206 and the second
intermediate image plane (IP2) formed at the focal plane of the second objective 230 need to be
made equal. This condition is achieved when the magnification Mgr is equal to ni/n2, where na is
the refractive index of the immersion medium of the second objective 232. This principle is
referred to as the refocus rule. Mgr is given by Equation (9) below.

Mgg = M M;* €)
In Equation 9, M; is the magnification of the microscope module 202 (produced by a
combination of the first objective 210 and the first lens 212, also referred to herein as the “first
microscope”) and Mz is the magnification of the combination of the second lens 228 and the
second objective 230 (also referred to herein as the “second microscope”). As noted above, the
combination of the third objective 232 and the third lens 234 may be referred to herein as the
“third microscope.” For each of the first, second, and third microscopes, the magnification of the

respective microscope, Mx, is given by Equation (10) below, where x =1, 2, 3.

M, = fTLx/ (10)

Objx
In Equation (10), frLx is the focal length of the respective lens, and fopjx 1s the focal length of the
respective objective.
Thus, from Equation (9) above, the refocus rule can be specified as follows:

Mg = MMt ="1/p (11)
In addition, referring to FIG. 2A, according to certain aspects and embodiments, a further
condition may be applied, namely that back focal plane (BFP-) of the second objective is sized
according to Equation (12):

BFP, > MgrpBFP, (12)
The magnification from the first back focal plane to the second back focal plane, Mgrp, is given

by the ratio of the focal lengths of the second lens 228 and the first lens 212.

Mppp = fTLZ/fTLl (13)
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The diameter of the back focal plane of any of the objectives (BFPx; x = 1, 2, 3) is related to the
corresponding numerical aperture and focal length of the objective according to:

BFP, = 2fopjxNAx (14)
If the parameters of the first microscope are known (e.g., fobj1, di, f1L1), the components and
parameters of the second microscope can be selected or configured to appropriately position
BFP». Thus, step 404 may include selecting or configuring the second objective 230 by applying
a combination of the refocus condition specified in Equation (11) and the additional condition set
forth in Equation (12). Applying these two conditions together and considering Equation (1)
above gives the following condition:

sinf, > sin 6, (15)
From Equation (1) above, the condition of Equation (15) can be equivalently stated as:

Ny = My, (16)
The condition stated in Equation (16) expresses the preference for the second objective 230 to
capture all light rays from the first objective 210, thereby avoiding any loss in the overall
numerical aperture of the microscopy system 200 and associated loss of imaging resolution and
optical efficiency.

Referring to FIG. 4, the design process for the microscopy system 200 may include step

406 of selecting the microscope module 202. As discussed above, a standard/existing microscope
stand may be selected, preferably having the first lens 212 and the first objective 210 being fully
infinity corrected lenses that approximate ideal lens behavior. Furthermore, as discussed above,
the microscope module 202 can be selected or configured in step 402 such that the first objective
210 meets the conditions NA; 2 no for typical samples that are expected to be imaged, and n1 =
no. Thus, the focal length of the first objective, fobj1 and the focal length of the first lens, frr1, set
the primary magnification, Mi. As discussed above, in step 404, parameters of the second
objective 230 can be configured to enforce the refocus conditions to minimize aberrations. For
example, the focal length of the second objective, fobj2 and the focal length of the second lens,
{112, may be constrained by Equations (10), (11), and (15) to achieve a fixed value for Mgrp. The
distance di may not be readily configurable, particularly if the microscope module 202 is an
existing microscope stand, but may be accurately measured such that other parameters can be
selected based on the known distance di. For example, the distance d> can be adjusted to image

BFP; to BFP2 by using the following relationship:
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d2 = friz + (froe — d1)Mep 17
This approach makes embodiments of the oblique plane light-sheet microscopy system 200
compatible with a wide variety of commercially available microscope modules 202.

As discussed above, according to certain embodiments, the third objective 232 is
configured such that its numerical aperture NAs equals or exceeds the refractive index, n2, of the
immersion medium of the second objective 230 (NA3 > n2) so as to maintain the highest potential
overall numerical aperture for the emission/collection path, NAem expressed in Equation (7)
above. This condition maximizes the collection efficiency of the third objective 232, and ensures
that the third objective 232 is capable of capturing all the light from the second objective 230.
Step 408 in FIG. 4. However, a large numerical aperture generally results in a short working
distance for the microscope due to the large associated cone angles, which can make practical
implementation very difficult. In certain examples, 01 and 02 may exceed 70°, for example. Thus,
according to certain aspects, the requirements on the numerical aperture of the third objective
232 can be reduced by minimizing n2 while also meeting the condition specified in Equation
(15). Step 410 in FIG. 4.

Referring again to FIG. 2A, the oblique plane of the sample 206 is re-imaged by the
combination of the third objective 232 and the third lens 234 to form an image of the sample 206
at the final image plane IP4. In step 420, the overall system magnification, Mr is given by
Equation (18) below, and can be set to a desired value through appropriate selection of the focal
length of the third lens, f113, which is otherwise a free parameter. As discussed further below, the
focal length of the third objective, fobj3, may be constrained by opto-mechanical specifications
for the third objective 232.

M7 = Mgg - M3 (18)

Light-sheet microscopy is generally useful for imaging live biological samples 206,
which typically have values of no in a range of about 1.35 to 1.40, and may have an average
refractive index of approximately 1.37. Accordingly, to capture all possible light emitted in a
typical live biological sample 206, set NA1 = 1.40. This can be achieved by using an oil
immersion objective, which can be configured to a typical numerical aperture in a range of: 1.40
< NAui < 1.45. However, selecting an oil immersion objective for the first objective 210 results
in an index mismatch between the immersion medium of the lens and the sample 206 (n; # no),

which produces a depth (z) dependent spherical aberration that strongly degrades the image
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resolution. As discussed above, the first objective 210 can be selected and configured based on
achieving a good compromise between getting the largest useful numerical aperture and
maintaining a good index match. Accordingly, in certain embodiments, a silicone objective lens
is selected for the first objective 210. In this case, NA1 = NAuiticone (for example NAsiticone = 1.35),
and n1 = nsilicone = 1.41. For a typical live biological sample 206 with the average no = 1.37, this
selection for the first objective 210 provides a delta in the numerical aperture (ANA) of
approximately 0.02 (as noted above, preferable NA1 > no; here, this condition is not quite met,
but the delta is very small, meaning that almost all the available light from the sample 206 can be
collected by the first objective 210), and a delta or mismatch in the index (An) of only 0.04,
which causes minimal depth-dependent aberrations. Thus, this selection may represent a good or
even optimal compromise per the above. For comparison, a good water immersion objective has
values of NAwaer = 1.27 and nwaeer = 1.33, resulting in similar depth-dependent aberrations but a
significantly lower collection ability (due to the lower numerical aperture). Further, as discussed
above, a comparable oil immersion objective, while maximizing the numerical aperture (with
NAoii = 1.45, for example), causes depth-dependent aberrations due to the mismatch in refractive
index (noit = 1.52, typically, and therefore the index delta is ~0.15) that strongly degrades the
imaging performance at depth in the sample 206 and the associated volumetric information.
Thus, the selection of a silicone objective lens or similar intermediate immersion index lens for
the first objective 210 according to certain embodiments may provide significant advantages
over water and oil objectives.

For example, in certain instances, a sample (such as a live biological sample) may have a
refractive index in a range of 1.33 < no < 1.41. Thus, selecting a silicone objective with NA; =
1.35 and n1 = 1.41 provides “error” or tolerance ranges of 0.02 < ANA <0.06 and 0 < An < 0.08.
Accordingly, in this case, NA1 2 no (within the tolerance range of ANA) and n1 = no (within the
tolerance range of An), with these tolerance ranges being preferred limits in certain applications.
In another example, the first objective 210 may be a glycerol immersion lens, with NA; = 1.3
and n1 = 1.46. For the same sample range, this example provides error ranges of 0.03 < ANA <
0.11 and 0.05 < An <0.13. Although not as optimal as the silicone example, this choice (glycerol
or a similar material) for the first objective may nonetheless represent an acceptable compromise
or acceptable tolerance range for the desired conditions of NA; = no and n1 = no. In contrast,

although choices for the first objective 210 that deviate further away from the above tolerance
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range examples may still operate for imaging live biological samples, the performance is further
reduced, making such choices undesirable in many applications.

Once the objective lens (for example a silicone objective lens) is chosen for the first
objective 210, the parameters NA1 and n; (for example, NA; = 1.35 and n1 = 1.41) are known.
Thus, for this example, applying the condition of Equation (16) sets the ratio of the numerical
aperture of the second objective to the index of refraction of the second objective NA> / n2 >
0.96. As discussed above, it is desirable to minimize n2 to relax the requirements on the
numerical aperture of the third objective 232, since it is preferable that NAs > n» to maximize the
collection efficiency. Accordingly, the second objective 230 can be an air objective (n2 = 1.0)
with NA> = 0.95, which is capable of reimaging 99% of the angular range of the first (silicone)
objective 210 (asin(0.95) / asin(0.96)).

Examples of the microscopy system 200 designed and configured according to the above
process and principles achieve significant improvements in collection efficiency over what can
be achieved by the systems disclosed by Dunsby and Yang. In the following examples, the
illumination light beam 216 is assumed to have a divergence angle of ®ex = 5°. For example,
assuming the sample 206 has no = 1.37, an embodiment of the microscopy system 200 in which
the first objective 210 is a silicone immersion lens with NA; = 1.35 and n; = 1.41, and the
second objective is an air objective with NA2 = 0.95 and n2 = 1.0. achieves NAem = 1.32
(applying Equation (7) above), very close to the 1.37 limit achievable with conventional high-
resolution microscopy, and (neglecting reflective losses) the collection efficiency is 95%. In
contrast, Dunsby discloses systems that achieve far lower overall numerical apertures and very
low collection efficiency. For example, Dunsby discloses a system in which both the first and
second objectives are air objectives with NA; = NA> = 0.95 that theoretically has an overall
numerical aperture, NApor, of only 0.75 and a collection efficiency of only 63%. Another
example disclosed in Dunsby uses a water objective for the first objective (NA; = 1.2; NA» =
0.95), but theoretically achieves an overall numerical aperture, NApot, of only 0.74 and has a very
poor collection efficiency of only 38%. Similarly, the examples disclosed in Yang do not achieve
anywhere near the performance of embodiments of the microscopy system 200 disclosed herein.
For example, Yang discloses an example in which the first objective is a water objective with
NA; = 1.27 and the second objective is an air objective with NA2 = 0.9. This example

theoretically provides an overall system numerical aperture of 1.17 and a collection efficiency of
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85%; significantly lower that the example of the microscopy system 200 discussed above.
Further, Yang discloses that in practice this example actually achieved an overall system
numerical aperture of only ~1.06 and a collection efficiency of only ~70%. It is worth noting
that, as demonstrated by this example, Yang did not achieve the benefits of ensuring that the
second objective is configured to collect essentially all the light from the first objective.

In addition to the considerations discussed above that may be applied when selecting and
configuring the first and second objectives, certain aspects further recognize that the tilt angle, a,
of the third objective 232 can be optimized. Applying the conditions of Equations (11) and (15)
may result in the second objective 230 having a short working distance due to the large cone
angle, 62, set by the high desired numerical aperture, NA>. If the optical axis of the third
objective 232 were parallel to the optical axis of the second objective 230 (o = 0), the short
working distance would not present an issue; however, as discussed above, the optical axis of the
third objective 232 is tilted by an angle a (generally nonzero) relative to the optical axis of the
first and second objectives 210, 230 so as to effectively image a plane that contains the
illumination light-sheet 216. Accordingly, certain aspects of the present invention are directed to
appropriately selecting the tilt angle, a, and properties of the third objective 232 in view of these
considerations and the goal of maximizing NAem. Steps 412, 414, 416 in FIG. 4.

As discussed above with reference to FIG. 3, the light-sheet 216 has a divergence angle
of @ex. The tilt angle a is related to both the light-sheet divergence angle and the collection cone
of the first objective 210, and can be calculated according to Equation (19):

a= 7'[/2 + &, — 6, (19)
The divergence angle, @ex, and therefore the tilt angle, a, are related to various properties of the
illumination beam (light-sheet) 216. FIG. 5 is a diagram illustrating parameters of an example of
the light-sheet 216. In this example the light-sheet is a Gaussian beam. The light-sheet 216 has a

beam waist of wo. The Rayleigh range, Zg, is the distance over which the beam diverges to a

width of wov2. The beam waist, o, can be expressed as a function of the wavelength, Aex, of the

light-sheet 216 and the Rayleigh range:

Wy = ’(ZR/lex)/n (20)

®,, = asin (Aex/(nonwo)) 21

-19-
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For biological imaging, a typical value for the wavelength of the light-sheet 216 is 0.5
micrometers (um), and, assuming a laser light source 214, the Rayleigh range, Zg, is typically in
a range of approximately 5 to 50 um. Thus, the beam waist, ®o, may generally be in a range of
about 1 to 3 um, and the divergence angle, @, may therefore be in a range of about 2° to 8°,
assuming no = 1.37 (as in examples discussed above). Given these parameters, and the values of
01 and 02 determined from the considerations and examples discussed above, for these examples
Equation (19) indicates that the tilt angle o may be in a range of about 20° to 26°. To illustrate,
consider the following example in which the sample 206 is a live biological sample with no =
1.37, ®ex = 5°, and the first objective 210 is a silicone objective with NA; = 1.35 and n; = 1.41.
In this example, Equation (3) gives 61 = 73°. Thus, applying Equation (18), this example
specifies o = 22°.

Based on Equation (19), the maximum divergence angle, @, expected given the light-
sheet 216 to be used sets a maximum value for the tilt angle, o. Using a higher tilt angle reduces
the emission path collection angle, ®,,,, and therefore also NAem, with no obvious benefit. Thus,
according to certain aspects, knowing the properties of the light-sheet 216 being used, and the
collection cone angle of the first objective 210, 61, the tilt angle, o, can be chosen to optimize
collection efficiency (step 412). This aspect leverages an important realization, not exploited by
either Dunsby or Yang, that there is an optimal range or value for the tilt angle, a, that is
dependent on the parameters of the light-sheet 216 and of the first and second objectives 210,
230 (which in turn can be optimized based on the sample 206 to be imaged, as discussed above).
For example, as noted above, Yang discloses that the tilt angle of the third objective is 30°;
however, in view of the principles and aspects disclosed herein, it may be appreciated that
Yang’s recommended value for the tilt angle is too high. Applying the equations above, it can be
shown that given the other parameters disclosed in Yang (e.g., Zr = 35 pum; Pex = 3°), the
optimal value for the tilt angle is approximately 21°, significantly lower than the value disclosed
by Yang.

As discussed above, the constraints on the second objective 230 result in a high angular
range (e.g., 02 > 70°), and therefore (given existing lenses) a short working distance. For
example, if 62 = 72°, the working distance may be approximately 200 um. If the third objective
232 also has a short working distance, which is typical for lenses with a high numerical aperture,

then this produces an awkward mechanical constraint on the tilt angle, a. For example, if the
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third objective 232 were to be an air objective with the same parameters as the second objective
230 (e.g., NA2 =NA3=0.95 and n2 = n3 = 1.0), the two objectives would collide at o = 6°, which
negates the operation of the microscope. Accordingly, certain aspects and embodiments are
directed to configuring the third objective 232 to avoid this problem.

According to certain aspects, the immersion medium of the third objective 232 is selected
to have a relatively high refractive index in order to reduce the angular range, 03. For example,
the immersion medium of the third objective 232 may be oil-like, which typically has a refractive
index in a range of 1.45 to 1.65; significantly higher than air. From Equation (1), for any given
numerical aperture, the higher the refractive index of the objective lens, the lower the angular
range. Reducing the angular range can in turn increase the working distance, relaxing mechanical
constraints on the system. Step 414 in FIG. 4. For example, considering an oil-like objective
having a slightly higher numerical aperture than the air second objective discussed above (NA3 =
1 and NAz = 0.95) and a refractive index in the lower part of the range given above, the
maximum angular range is then 63 = asin(1/1.45) = 44°. For this example, the working distance
may typically be in a range of about 4 mm to 8 mm.

According to certain embodiments, the third objective 232 is configured both to use a
material with a higher refractive index, such as glass, and have a mechanical arrangement that
allows for a very short or even zero (“contact”) or even negative working distance. Step 416 in
FIG. 4. In one example, the third objective 232 is configured with a solid glass frontal “frustum”
that is shaped to match the applicable field of view and with an angular acceptance that matches
the required numerical aperture based on the condition of NAs > n2 discussed above. Thus, in
one example, Ofustum > Omax, Where Omax is the value of 03 (= 44° in certain examples) that is
specified based on the numerical aperture, NA3 of the third objective 232 (per Equation (1)) and
the refractive index of the immersion medium of the third objective, n3. This allows the third
objective 232 to collect essentially all the light from the second objective 230, while also
allowing a significant range of adjustment for the tilt angle, a, for example up to 45° for a glass
frustum, to achieve the highest overall emission path numerical aperture, NAem, for the oblique
plane light-sheet microscopy system 200, without mechanical collision between objectives two
and three. Examples of various configurations of the third objective 232 including a solid glass
frustum or other shape are shown in FIGS. 6A-6C. The glass frustum can be conical in shape or

have a double beveled chisel shape, for example. FIG. 6A illustrates an example of the third
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objective 232 with a solid radial frustum. FIG. 6B illustrates an example of the third objective
232 with a solid radial frustum with a bevel. FIG. 6C illustrates an example of the third objective
232 with a solid square frustum. Each of these examples allows for efficient light coupling over
high numerical apertures, as discussed further below.

Thus, in certain examples, the third objective 232 can include a solid glass frustum that is
shaped to allow for a zero or close to zero (e.g., ~20 um in air) working distance. In certain
examples, the frustum has an approximately 200 um field of view and a glass tip that has a
similar dimension. A 20 pm working distance allows a light-sheet 216 with a divergence angle,
Dy, of up to about 8° to cross the front of the frustum of the third objective 232 in air and
therefore be coupled directly into the second objective 230 at a high numerical aperture.

As discussed above, the optimal value or range for the tilt angle, o, may depend in part on
parameters of the light-sheet 216. However, it may be desirable to use the same microscopy
system 200 to image a variety of different samples 206, and different light-sheet parameters may
be preferred for imaging different types of samples. For example, large samples may be better
imaged using a large field of view and a weakly diverging Gaussian light-sheet 216. In other
words, in this case it may be preferable to configure the system 200 with a minimal tilt angle,
Omin, and use a light-sheet 216 with a minimal divergence angle @ex min. Small samples 206 on
the other hand, may be better imaged using a small field of view and a Gaussian light-sheet 216
with a narrow beam waist, (meaning a large tilt angle, omax and a large divergence angle,
Dex_max). It may also be desirable to use non-Gaussian illumination beams (for example Bessel
beams or even lattice beams). Accordingly, in certain examples, a portion of the imaging module
204 can be configured with a mechanical assembly that allows at least the third objective 232,
the third lens 234, and the detector 226 to rotate as a rigid object about an intersection of the
second intermediate image plane, IP2, and the third intermediate image plane, IP3, such that the
tilt angle, a, can be dynamically adjusted and optimized for different samples 206. Step 418 in
FIG. 4.

FIG. 7 is a flow diagram summarizing an approach to configuring an oblique plane
microscopy system 200 in accord with the processes and considerations discussed above. Steps
702 and 704 involve selecting/configuring the first microscope in the microscopy system 200.
Step 702 corresponds to step 406 discussed above, in which a base microscope module 202 is

selected. The microscope module 202 includes an embedded first lens 212, and therefore the
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parameters {11 and di may be fixed by this selection. In step 704, the first objective 210 for the
microscope module 202 is selected to match the type of sample expected to be imaged using the
microscopy system 200. As discussed above, the refractive index of the sample 206 may vary,
but given a known application (e.g., biological imaging), the first objective 210 can be selected
with a numerical aperture that is approximately greater than or equal to the average or
approximate refractive index of the expected sample type, thus setting NA1 = no, as discussed
above. Selection of the first objective 210 sets the parameter fopj1, and therefore the combination
of steps 702 and 704 fixes the magnification of the first microscope, M.

Steps 706 and 708 involve selecting/configuring the second microscope in the
microscopy system 200. Step 706 includes selecting the second objective 230. As discussed
above, the requirements on the third objective 232 can be relaxed by minimizing n2. The
parameter n2 may vary anywhere between 1.0 for air and over 1.4 for oil-like materials, or even
up to 2.0 or higher for high-index glass materials. Accordingly, selecting an air objective for the
second objective minimizes n2, while also meeting the condition specified in Equations (15) or
(16). Air objectives have a numerical aperture of less than 1.0. In practice, the best air objectives
may have NA> = 0.95 (corresponding to 02 = 72°). Selecting the second objective 230 within the
aforementioned constraints sets the parameter fopj2. Step 708 includes configuring the second
microscope to achieve the remote refocus condition stated in Equation (11) above. As discussed
above, M is set in steps 702 and 704. From Equation (10), the only free parameter that can be
used to set M2 is fri2 because fobj2 is set by the conditions considered in step 706. Thus, in step
708, 112 can be selected to meet the remote refocus condition of Equation (11). As a result, the
only remaining free parameter in the first and second microscopes is now dz. As discussed
above, in certain examples, d2 may be selected according to Equation (17) to achieve best
imaging performance.

Steps 710 and 712 involve selecting/configuring the third microscope in the microscopy
system 200. Step 710 includes selecting the third objective 232 to collect all (or as much as
possible of) the light from the second objective 230 and allow for the tilt a, which may be
optionally dynamically adjustable as discussed above. To achieve both these conditions, set NA3
> n, since this will ensure that the third objective 232 is capable of collecting all or nearly all the
light from the second objective 230 even with the tilt a (i.e., the third objective 232 can capture

all or nearly all the cone angle from the second objective 230 plus a). According to certain
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examples, achieving the light collection with the a tilt is done by using an objective that is
mechanically configured to allow it to be positioned to capture the light cone from the second
objective 230 while also accommodating the rotation/tilt of «. For example, the third objective
232 may include a solid glass frustum with a beveled or other shaped edge, as discussed above.
This configuration allows the third objective 232 to extend into the field of the second objective
(using the pointed glass tip) and therefore collect all or nearly all the light from the second
objective 230, while also allowing for rotation (o) of up to 45° (or more depending on the exact
design). Step 710 sets the parameter fopj3, at least to a certain degree. Therefore, step 712 may
include configuring the third microscope to set fri3 to specify the overall system magnification,
M, at the correct value for the detector 226 (by achieving Nyquist sampling for example when
using a multi-pixel detector).

According to certain embodiments, the first intermediate image plane, IP1, can be used as
an insertion point for the light-sheet 216, as shown in FIG. 2B. In addition, in certain
embodiments, an x-y scan of the light-sheet 216 can also be introduced to provide synchronized
volumetric imaging. The second objective 230 may also be used to scan a volume in the z
direction by refocusing the image at the second intermediate image plane, IP>, which is then
collected by the third objective 232 at the third intermediate image plane, IPs. Applying this
approach, flexible volume options with x-y-z scanning can be achieved. For example, an x-y
scan can be performed, and adjustment in the z direction can then be used to image another
volume at a different depth in the sample 206. Thus, the overall volumetric capacity or flexibility
of the microscopy system 200 can be increased. In certain examples, due to the tilt angle, o, the
optical axis of the image of the sample 206 may not fall on any of the primary x, y, or z axes.
Therefore, a pure x-y scan or a pure z scan may result in a shift of the light-sheet beam waist, mo,
relative to the sample 206, as the volume is collected using these individual axes. However, in
certain examples, an x-y scan may be combined with a z scan of the correct amplitude such that a
volume can be imaged with the light-sheet beam waist remaining centered on the field of view
during the scan to give optimum sectioning and resolution throughout the volume.

As discussed above, in certain examples the third objective 232 can be configured with a
glass frustum and tip that allows the light-sheet 216 to be coupled directly into the second
objective 230 at a high numerical aperture. This allows for dichroic-free operation (i.e., the beam

coupling element 218 in FIG. 2B can be eliminated. In addition, in examples where the second
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objective 230 is used to provide a volumetric image via a remote refocused z scan, as discussed

above, this approach also provides inherent synchronization for scanning.

Example 1:

The following provides an example of a module, implemented in accord with the above-
discussed aspects and embodiments, that can be coupled to a standard microscope to convert the
microscope into a high numerical aperture light-sheet microscope that uses only one objective at
the sample.

FIG. 8 is an illustration of the concepts of an example of a single-objective light-sheet
microscope in accord with aspects and embodiments disclosed herein. A primary objective/tube
lens pair (red solid line/circle indicates the back focal plane (BFP) of the objective) images a 3D
biological sample to an intermediate space. A scanning system relays this 3D image to another
intermediate space, where it is collected by a second tube lens/objective pair (blue dashed BFP).
The second objective creates an aberration-free 3D copy of the sample at near-unity
magnification. This virtual 3D sample is then re-imaged via a third, tilted microscope (green
dotted BFP) which tilts the primary image plane. A light-sheet is coupled into the primary
objective in this tilted image plane (red solid beam) yielding a single-objective light-sheet
microscope. Moving a single scanning mirror rapidly acquires 3D volumes. The three objective
BFPs are imaged onto each other as shown by the red solid, blue dashed, and green dotted
circles. The red solid disk indicates the light-sheet footprint at the BFP, and the yellow solid
region indicates the collection numerical aperture of the system. The design sacrifices no
appreciable amount of the yellow area, with almost no measurable loss in resolution.

FIGS. 9A and 8B are diagrams further illustrating this feature by showing ray
transmission angles for objectives in the system of FIG. 2A. Specifically, FIGS. 9A and 9B
illustrate a theoretical model showing the angular passbands of the primary (first) objective 210
(red dots), the third objective 232 (green dots), and the combination of the first, second, and third
objectives (yellow dots). The angular passband of the second objective 230 is not visible in
FIGS. 9A and 9B. FIGS. 9A an 9B are 3D equivalents of the red, blue, green, and yellow circular
regions shown in the top center portion of FIG. 8. Each yellow dot on the surface of the
illustrated sphere represents a ray angle that can propagate from a point source in the sample,

through the three objective lenses, and reach the detector. Each red dot represents a ray that is
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collected by the first objective lens (1.35 NA silicon in this example), but clipped by the second
objective (0.95 NA air in this example). Each green dot indicates a ray that the third objective
(1.0 NA glass in this example) could have collected if the second objective had produced it. The
yellow region almost entirely fills the red region, demonstrating that the system transmits almost
all the rays collected by the first objective. In this example, >95% of the rays collected by the
first objective can pass to the second objective, and >99% of the rays collected by the second
objective can pass to the third objective, providing a numerical aperture of ~1.33.

It should be noted that this number for overall numerical aperture is influenced by the
design of each objective in the system. For example, if the primary objective were selected with
NA = 1.33 instead of 1.35, the >99% of the rays collected by first objective may pass to the
second and third objectives. In practice, rays at the very edge of the numerical aperture of the
primary objective may be aberrated and may not contribute to improved resolution. Thus, it can
be beneficial to differentiate between the specified numerical aperture (rays that are collected)
and the useful numerical aperture (rays that contribute to improved resolution). Examples of the
system disclosed herein may capture >99% of the useful numerical aperture of the primary
objective. Further, by replacing the second objective with a 0.96 NA air objective, >99% of the
primary objective’s specified 1.35 NA rays could be collected.

FIG. 10 illustrates an example of a simple, low cost design for the system of FIG. 8 with
uncompromised spatio-temporal performance. FIG. 10 shows a breakdown of the components of
the example of the system. Box A is a simple objective/tube lens pair, which may be a standard
microscope stand. The primary objective is chosen to have a high numerical aperture and
intermediate index that is optimal for imaging deep into live biological samples at high
resolution. Box B is a scanning relay with a single galvo mirror that can rapidly take volume
images. Box C is another tube lens/objective pair that, together with box B, perfectly match the
requirements of box A. Box D is a specially-configured objective/tube lens pair that solves the
opto-mechanical difficulties that may otherwise be present in the system.

FIG. 11 is an illustration of an example of the specially-configured objective/tube lens
pair of box D (also an example of the third objective discussed above), having a glass tip. FIGS.
12A-C further illustrate aspects of an example of the specially-configured glass-tipped objective
configured to have an optical performance and geometry that allow it to extract a high resolution

image as close as ~100 um to a flat surface, with negligible loss in resolution and high
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transmission, over a range of tilt angles from 0 — 45 degrees. FIG. 12A is a drawing showing the
opto-mechanically coupled design considerations of this example of the specially-configured
objective to collect a tilted air space image just ~100 pm from a flat surface, with a range of tilt
angles from 0 -45 degrees. FIG. 12B is a corresponding CAD rendering of the example of the
specially-configured objective, and FIG. 12C is a photograph of the example of the lens. Table 1

below provides specifications for an example of the lens corresponding to FIGS. 12A-C.

TABLE 1
Specification Description
NA=1.0 numerical aperture
oo/0 infinity corrected / coverslip thickness
WD =0 working distance
EFL =5 mm effective focal length (e.g. 40x with 200 mm
tube lens)
A =450-700 nm color correction
FOV (DL) = ¢150 um diffraction limited field of view diameter
FOV (bevel) = 9250 pum mechanically limited field of view diameter (1
direction only)

An example of the emission path of the system of FIG. 10 was built, aligned and tested,
with test data indicating that the system can image a 30 degree tilted plane with no measurable
loss in resolution compared to a conventional microscope with the same primary objective. The
example of the system of FIG. 10 used to obtain these results was configured according to the
optics specifications set forth in Table 2 below. The optical elements are listed in Table 2 in the
order of physical arrangement (from sample to camera). The system was used to image an
Argolight SIM slide with a 488 nm laser excitation in a simple epi configuration. Coherent
interference/speckle from the laser was tolerated. An additional Chroma ET525/50 emission
filter was added immediately before the quad filter (item 12 in Table 2) to tighten up the
emission band that is otherwise very broad. Image stacks were acquired by using a closed-loop

piezo actuator at the second objective. The xy stage, primary objective, galvo, and third objective
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remained stationary during acquisition, and the camera exposure time and laser power were kept

constant throughout.

TABLE 2
Item # | Supplier Part Description Qty
1 Biologist Sample Biological sample, preferably with a 1
refractive index in the range: 1.35-1.4
(typical for live cells)
2 Nikon MRD73950 CFI60 Plan Apochromat Lambda S 1
100x Silicone Immersion Objective
Lens, N.A. 1.35, W.D. 0.3 mm,
F.O.V. 22 mm, Correction Collar
0.15-0.19 mm
3 Nikon MXA22018 CFI Second Lens Unit, Tube Lens 3
Element, EFL=200 mm
4 Thorlabs CLS-SL Scan Lens with Large Field of View, 1
400 to 750 nm, EFL=70 mm
5 Thorlabs GVS201 1D Galvo System, Broadband Mirror | 1
for 400-750 nm (- E02)
6 Thorlabs LSMO3-VIS Scan Lens, 400 to 700 nm, EFL.=39 1
mm
7 Nikon MXA22018 (from above set of 3) 0
8 Chroma ZT405/488/561/640rpcv2 Quad band dichroic UF1 1
(26x38x1)mm (excitation coupling)
9 Nikon MRDO00405 CF160 Plan Apochromat Lambda 40x | 1
Objective Lens, N.A. 0.95, W.D.
0.17-0.25 mm, F.O.V. 25 mm,
Correction Collar 0.11-0.23 mm
10 Mark Optics N/A Window, NBK-7, OD: 4 mm +/- 0.2 1

mm, Thk: (0.170 +/- 0.05) mm,
polished both sides 40/20, TWE 1/4

8-




10

15

20

WO 2020/176591 PCT/US2020/019847

wave, parallelism <10 pm, coated
both sides BBAR — VIS, Ty >99%
@ 400 nm-700 nm @ 0° AOI

11 ASI AMS-AGY v1.0 Special glass-tipped objective 1

12 Chroma ZET405/488/561/640m | Quad emission filter, 25 mm diameter | 1
mounted

13 Nikon MXA22018 (from above set of 3) 0

14 PCO edge 4.2 sCMOS camera, 2048x2048 pixels 1

with 6.5x6.5 um?size, 100 fps full

field, TTL trigger <50 ps response

To benchmark the emission path and evaluate the example of the specially-configured
third objective (referred to below as the AMS-AGY v1.0 lens), data was acquired in three
configurations:

1. Nikon 40x 0.95 NA, tilt = 0° : the third objective in the emission path was a
Nikon 40x 0.95 NA air objective in a standard remote refocus arrangement (axially aligned with
no tilt) to provide a reliable system benchmark.

2. AMS-AGY vl1.0, tilt = 0° : the Nikon third objective of configuration 1 was
replaced with the example of the specially-configured third objective with no tilt, so as to be
directly comparable with configuration 1.

3. AMS-AGY v1.0, tilt = 30° : the example of the system was configured using
the AMS-AGY v.1.0 lens as the third objective with a tilt of 30° for comparison with
configurations 1 and 2.

Four different patterns on the Argolight SIM slide were used for imaging:

Target: a 240 pm diameter set of concentric rings with a 10 um spacing. Each ring
consisted of two line pairs separated by 750 nm. (good for looking at the maximum field of
view);

Grid: a 110x110 um? square grid with 10 um spacing. Each line pair is separated
by 750 nm. (good for looking at the central higher-quality portion of the field of view and
checking for field flatness and distortion);
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SIM lines: 14 line pairs that range from fully overlapped to a separation of 390
nm in 30 nm steps. (good for evaluating resolution);

3D rings: 9x9x9 3D cubic array of submicron-diameter rings separated by 5 um in
X, Y, and Z. (good for evaluating a 3D field of view).

Data was collected for each of the three system configurations identified above, imaging
the above-noted patterns and features.

Test data produced by imaging the above-noted four patterns for each of three system
configurations identified above has shown that a Nikon-based remote refocus provides the same
resolution as a conventional microscope. Using all Nikon objectives, the remote refocus portion
of the emission path delivers at least 270 nm resolution at the center of the field of view. This is
the same resolution provided by the primary objective on a standard commercial base. The
remote refocus configured with the AMS-AGY v1.0 lens as the third objective also provides the
same resolution as a conventional microscope. Substituting the AMS-AGY v1.0 lens for the third
Nikon objective preserves 270 nm resolution in an untilted remote refocus. Images of the Target
pattern demonstrated that both configurations 1 and 2 were able to image a 240x240 pum? field of
view covered by the camera sensor, with line pairs visible to about 200 um, well beyond the 100
um diameter field of view that the system was designed for. Grid pattern imaging showed a high
quality 110x110 pym? field of view, with line pairs visible throughout and minimal distortions.
SIM line imaging demonstrated the 270 nm resolution at the center of the field of view. Image
stacks of the 3D ring pattern showed that, qualitatively, there was no distinguishable difference
in the imaging performance of configurations 1 and 2 over the 3D field of view.

Further, the remote refocus configured with the AMS-AGY v1.0 lens still gives the same
resolution as a conventional microscope with a 30 degree tilt of the third microscope. Using the
AMS-AGY v1.0 lens, the third microscope was tilted to an angle of 30 degrees, and the acquired
image data demonstrated that system retained the 270 nm resolution on both parallel and
perpendicular axes. By Rayleigh criterion, 270 nm resolution corresponds to an effective
numerical aperture of 1.2. Image stacks acquired of the target and grid patterns, with a rescaling
of y cos(a) (where o is the tile angle) applied to correct for “stretching” along the image y-axis
caused by the tilt, demonstrated the ability to produce high quality images over the field of view,

essentially of the same quality as achieved with configurations 1 and 2. Similarly, SIM line
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imaging and 3D ring pattern imaging performance was, after applying the y-axis rescaling and a

z sin(a) shear correction, qualitatively indistinguishable from the untilted configurations.

Tables 3-5 below provide specifications for some alternative optical configurations for

portions of the system of FIG. 10 based on the specifications provided in Table 1. For example,

Table 3 below provides an example of an alternative for the primary objective.

TABLE 3

Ttem #

Supplier

Part

Description

Qty

Olympus

UPLSAPO 60xS2

Super Apochromat, 60x Silicone Oil
Immersion Objective Lens, N.A. 1.3, W.D.
0.3 mm, F.O.V. 22 mm, DIC, Correction
Collar 0.15-0.19 mm

Thorlabs

TL300-A

Laser Scanning Tube Lens, f = 300 mm,

ARC: 400 — 700 nm

In certain examples and applications, galvo scanning may not be needed. Table 4 below

provides an example that may be used for, for example, for high content screening systems that

use stage scanning or systems that use a piezo on the second objective to take volumes (or a

combination of both). Table 5 below provides another example using the alternate primary

objective described in Table 3 and with the galvo scanning removed.

TABLE 4
Item # | Supplier Part Description Qty
3 Thorlabs TTL165-A Tube Lens, f = 165 mm, ARC: 350-700 nm, 1
External SM2 Threads (NOTE: this is not a Zeiss
OEM tube lens)
4-6 N/A N/A Galvo scanning relay removed 0
7 Thorlabs TL300-A Laser Scanning Tube Lens, f = 300 mm, ARC: 400 1
— 700 nm
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TABLE 5
Item # | Supplier Part Description Oty
2 Olympus UPLSAPO 60xS2 Super Apochromat, 60x Silicone Oil 1

Immersion Objective Lens, N.A. 1.3, W.D.
0.3 mm, F.O.V. 22 mm, DIC, Correction
Collar 0.15-0.19 mm

3 Thorlabs TTL165-A Tube Lens, f = 165 mm, ARC: 350-700 1
nm, External SM2 Threads (this is not a
Zeiss OEM tube lens)

4-6 N/A N/A Galvo scanning relay removed 0
7 Olympus SWTLU-C 180 mm focal length, tube lens unit. 1
9 Olympus UPLSAPO 40x2 Super Apochromat, 40x Objective Lens, 1

N.A. 0.95, W.D. 0.18 mm, F.O.V. 26.5

mm, Correction Collar 0.11-0.23 mm

Example 2: Design Options

Many applications will benefit from different choices of magnification, numerical
aperture, field of view (FOV) and immersion medium (e.g. water). Table 6 below provides
additional examples of primary objective choices. Various scanning regimes and field of view
may also be implemented.

Embodiments not involving galvo scanning may be lower in cost due to fewer optics,
higher in efficiency, and easier in terms of maintenance. No galvo may be attractive for high
content screening systems that use stage scanning. Sample scanning may be a good option for
scouting over large ranges, stage scanning, or high throughput screening (i.e. multiwell plate).
The z range may be limited by the working distance of objective 1. Fast motion can couple to
the sample via the immersion medium. An objective 1 scan may be good for traditional focusing
using the working distance of the primary objective. An objective 2 scan may be good for fast
scanning that is isolated from the sample using the remote space. The z range may be limited by
either the mechanics of objects 2 and 3, or optically by the remote refocus range. An objective 3

scan may be similar to the objective 2 scan but in a tilted arrangement.
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In embodiments involving one 'scan’ galvo, FOV may be limited by objective 3 only on 1
axis. The primary objective may limit the field on the scan axis. Adding a galvo scan unit
provides ultra-fast scanning and increases the FOV. The typical galvo step and settle time is
shorter than the rolling time of a modern sCMOS chip and so the volumetric imaging rate is
limited only by the data rate of the camera (or available photons).

In embodiments involving two 'XY' galvos, FOV may not be limited by objective 3. The
primary objective may determine the field. A second (orthogonal) galvo scanner can be used as a
tiling device to access the full field of the primary objective. This may be an attractive and agile
way to access the FOV of the primary objective when using an optical train or a camera chip that

does not support the full field in a single frame.

TABLE 6
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Example 3: Alignment Goals for Good Performance

The following guidance may be applicable to various optical configurations:
XY and tip/tilt alignment: The primary objective (O1) sets the optical axis of the
systemt. Bach subseguent lens mast then be aligned so that its optical axis is co-lincar with
the primary axis. In systems that include one or more galvos, each galvo muror should be
centred on the optical axis, and the rotation axis of each galve should be coincident and
perpendicular to the optical axis. This defines the xy (fransiation} and tip/tilt {rotation) of

cach clement, and in practice this can be achigved using an appropriate faser bean.

# alignmwent: Tn principle lens pairs should be axially separated so that they conserve
collimation. i.e. for any pair of lenses a collimated beam input should give a collimated
beam output. This is the casiest way to align the systen and defines the z position of each
iens onece the primary objective position has been fixed. Galvo mirrors should be
conjugated to the back focal plane of the primary objective (BPEL) so that a rotation of

the mirror resolts in a pure franslation in the fmage space (frue for small angles).

Commercial bases: When using a commercial base o is typical that the primary
objective {31} and the first tube lens {TL1} do not conserve collimation {usually the tabe
icns 18 too close}, This can be carrected by shunting the whole optical train alter the first
scan lens (SL1) to restore collimation. For systems with ne galve the correction can be
done after the second fube lens (TL2). The following eguations describe the vequired
displacement {or each case and can be used as a guide of magnitude {in practice the

correct displacement must be found by aligning with an appropriate laser beamy:

Note: in addition to the above, when using a commercial base for best performance O1
should be at its nominal focal position {for the intended samples) to cnsure good back

focal plane mapping.
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Back focal plane mapping: il the preceding goals are achieved then the back {ocal plane
of the primary objective (BFPy) will be effectively imaged throughout the system ie.
BEP1 to G, G to BFP and BFP to BFP3 (and the same concept applies with no galvo
or 2 galvo systems). His simifar o relaying the image planes [P through o P4 but with
more subtie (but still significant) consequences if not done sufficiently well, Error in
image plane alignment is usually obvious from the resulting defocus. Error in BEP relay
car be more tricky o notice and result in the following syrptoras:

Error in galvo to BFP 12 can resulf in angular motion coupled to what should be a
pure translation of the image plane. This can modulate the il of the hght-sheet as a
function of scan and confuse the image processing and inderpretation of data.

Error in BFPy te BFP2: an casy mistake if one 1s not careful doring alignment
and can result in clipping the image of BFFy at BFP>. The result is reduced effective
numerical aperture and compromised rewote refocus performance. I the point spread
function measorements are good at IP1 and disappointing in the remote space at IP7 then
be sure to check this alignment.

Error in BFP2 to BFPy: also casy to do if vot carehud during alignment and also
results in reducing the offective numerical aperture of the system. H the point spread
function measorements are good 1 the remote space at 1P and disappointing at P4 then
be sure to check this alignment.

Note: if O] has a z range {e.g. ~10 mm on a commercial base) then for best
performance it should be set to s nomaoal focal position (for the jotended samples)

during alignment stage.

Light-shee! coupling and tilf angle "o'; any given light-sheet should be coupled into the
primnary objective (01 so that s marginal vay is cotnadent with the marginal ray of the
objective (Lo, the odge of the light-sheet shounld touch the maximum collection cone angle
of the objective). For a given cheice of Lght-sheet the third microscope system should

then be tilied so that the light-sheet is antformly o focus. There are many choices of

primary objective and many hght-sheet options which together will determine the
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resulling il angle o, and so an exact aligoment farget cannot be set withoot {urther
specifying the systern. However, by following this basic alignment protocol unnecessary

losses in resolution and efficiency can be avoided.

Galve flatness: I the above aligoroent goals have been achioved but strange POF resulis
are being exbibied then check the galve flatpess {for example using a shearing
interforometery. Specify better than W10 PV or &/14 BMS over the aperture (image of

BFPT at the galvo).

Example 4: Configuration Guide for High NA Single-Objective Light-Sheets

The following non-limiting guidelines may facilitate configuration of a single-objective

light-sheet microscope in accordance with one or more embodiments.

1. Pick a primary sbjective {01} usc the table below to select a primary objective
hased on the intended sample type. With Ol sclected, use the comesponding
mamifacturer's tube lens (TL1) for comomercial base compatibility. MNow select 3 remote
refocus  moduale by choosing recommended  secondary  objectives (132} and
corresponding tube lenses (TL2). Note: this choice is independent from the base
microscope, for example a Nikon base (€3 + TL1} can be matched with an Glyimpus

remote refocus (G2 + TL2)

O] immersion with coversiip:

Kikon o0 ] 4 Ol (MEDULBUS + MEAZIGIS) Ddtdoon 402025 (MBDOGAOS +
MAAZZUIN

or
oy

Ubymipers 600142 QUL UUPLYEAPOBUXO +
SWITL LG Ciiympus A0 05 (UPL X APLMOX 3
SWILU-O)
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Nikon 400 95 (MR DOU4OS

MM AZZD18;

£3F

My 100x 33 S
IPLBAPOIOONS L BWTHLID

+ BEBELANY

DE

Cvimpus db3 95
(R N ARUMOX + BEELS 2

Ulyrpus 8213 5l
(URLSAPOOOXET) + (SW LU

Nikpn 405093 (MRDUGADS +
EELO 1

DE

Cvimpus db3 95
(URE N AROMOX + HEL IO

Nikop 401 25 511 MRDTS400 +
MAAZZUIN

£3F

Cdvimpus 40x ] 25 Bl
(UPLSAPUMUNSS + 3WTLUA

Nikop 40093 (MEDOUAOS +
EEL143)

DE

Cvimpus db3 95
(URE N AROMOX + HEL 29

Olympus 20x1 .05 Sil
(UFLSAFOBOXS + SWILUA)

Nikop 20073 (MREDOUZOS +
EELZ14)

DE

Ulyvnpus 20K
IR NAPOOK £ BHL 19

Phikon 25x 100 SHLIVIRIBIZR60 1
MM AZZU18S

Nikop 200 73 (MEDOUZOS +
e

DE

Ulyvnpus 20K
R NAPOROK £ BHL 0L
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Water immersion with coverstip:

Dlikon 6t 127 W IMBIMITON) + MNATIGT S
4

Ulymipis DOXE D W (UPLSAPUBUXY +
SWILU-U)
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Nikon 40x1385 (MRIGAOS 4 BHE 206

Iy

Olvmpies 40x0 05 (HTPL X APV +
ERLZ2U3)

Mikon dUs 1 15 W IMRETTAID + MNXAZIUIRY
3E

Cympus U1 15 W IUAPONAGK WG +
SWILL )

Nikon 4,95 (MRDOOGAUS + BHL 150
$E

{3ympus 40x0.05 (LIPL X APOADS
UL 35

Water dipping:

Nikon 28«1 1 W IMRIDTVZOH « MIN AT 6,

$3E

Crvropos 255105 W (XL PENISXWREPD +
W ELLg

Nikop 20«3 75 (MR IGO0R 4
EELIRS)Y

38

Civmpus 2050 8 (HPL X APOOUK +
Erl 1o

Cilvenpos 20001 6 W (XE UIMPL P NOOK W o Nikop 20«3 75 (MR IGO0R 4
SWIHLL-O EEL IS
Gf
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2. i . - 2 galve s¢ 50 galvo scanners provide nlhirafast scanning
2 Pick ¢, 1 or 2 galve scanpers: galvo scanners provide ultrafast scanning

over the {full field of the primary objective, bui they may not be optimal for every

systern as they add extra optics ete. The following (onity roagoification) relay s a

good starting point:

Fhurlabs 70 mnsid LN
S0

Thorlabs 85 v
GV RZUL

{38

Thoriabs 810 mm
GEVEZLD

Thorlabs

Tlmngil s

S

Gialvo scanner consideraiions.

Magnification: the galvo scanner must be a unity magnsfication relay:

Fyy sy =1

Sean lens performance: make sure the scan lenses are capable of handiing the

pupit size, field and color range vou want (o accoromodate. For example the CL5-

SL. scanner above cap deliver the following (diffraction lmuted) [ield diameters

over (400-T00Y nny with the given pupil size:

P26 ram field, 2.5 mm pupil

922 mm field, @3 mm popil

$16 ram field, B4 mm pupil

913 ram field, 3 mm pupil

S o {ield, 86 mm pupil

&% mm field, 87 mm pupil

Note: the pupil diameter should exceed the image of the back focal plane of the

primary objective:

scan pupil 2 BFP{(Eu /Troywhere BE P =24y INA UMD

{and MA 1 and M are the nomerical apertore and magnification of Q1)
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Galve size: to avoid clipping the tmage of the back focal plane of the primary objective,
rpake sure the galvo diameter 1s large enought

451 2 V2 scan pupil

Nate: galvo mvrrors are typically thin so they are light and fast to rofate. As the mirror
diameter increases it becomes harder to maintain flatness which can serionsly degrade
optical performance. If you want to buy your way out of this potential problem then

specify better than A/10 PV or A/14 BMS for the mirror,

3. Pick a camera: a high quantum efficiency (QE), low read noise sCMOS chip may be
recornmended. For example the PCO edge 4.2 15 a {fine choice {or moost conligurations.
Consider the following when selecting a camera:

Pixel number: The AMS-AGY v1.0 objective can deliver @150 pm of diffraction
limited ficld and up to @250 ym at lower NA. For Nyguist sampling &t Agee ~ .35 yum
this eguates to ~900 pixels of the highest quality and up to ~ 1500 pixels where Imnaging is
stifl very good:

pixel mupmber = 2 cld N A061A)

(NAz =1.0for the AMS-AGY objective)
Pixel size: The AMS-AGY v1.0 objective has a 5 mm effective {ocal length, The
last tube lens TL3 can be used as a free parameter to tune the magnification for Nyquist:

Friy w2 ey pixed size N AYEIA)

So for a PCO edge 4.2 with 6.3 pm pixels fyp 3 ~ 200 mam at Agoe ~ 0.55 pm (194 o

from equation).
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Example 5: Expansion microscopy on relatively large (aqueous) samples at high
resolution

The following provides an example of a module, implemented in accordance with the
above-discussed aspects and embodiments, that can be coupled to a standard microscope to
express a high resolution image on samples that are weakly fluorescent. This system uses a light-
sheet with minimal optics on the emission path. A Nikon base and an Olympus objective are
used.

For large samples in this example, a galvo relay will not be used. Instead, the sample will
be scanned at a slower rate but with no limits on size except for the relatively large working
distance of the primary objective (~600um in this case). An AR coated window will be used at
the second objective for maximum transmission. In the case that sample scanning is an issue, a
galvo scanner can be added later.

Table 7 below provides the optical train and image parts for an example set up with these
criteria in mind.

TABLE 7

Sampin sypanded samples, ralactive indsy ~1 88

o Mikon MED 70 S0x01 T8 weatar throudh coversin W D 0 800 8T |

S8 Sisld

FLE L Kikan MrAzZzaig Tubsiens, BRLL2OG M 1
Tia Thorlabs EFEARS Tube lens assembiv, EFRLLI3S mm 1

o Shioma | ZT405ABRE8 aalmovd Ciuad band dichiole lexcitalion coubing! 3
a8 [Uihvmpus UPLXAPOMEN 40t On CF Bian dea L amibde G

41



10

15

WO 2020/176591 PCT/US2020/019847

Gzl Narisus s MER-Zawindow, ODGI0 Ll 6 8 mey Takdn 17 ol Gooba 3
i TWE d wave, paralisdixmi< 10 um, polished 40/80
and coateci T, »99%, (400 700) nin @ 0° A brin
sides
03 A AMB-AGY v1.0 Speniz glass tipped objoctive 1
& Ghroma | FEIA0BMER/50 1640 Duso maizaion Hber 025 mm nounied 1
Tia [ Nikon MxAzgnig Tube imns, BEFLP00 M 1
& 2 pge 4.2 SCMOE camera, S04Ry 2048 pixeds with B 538 5 ym? i
zize

Example 6: Zebrafish- water dipping system with a large field of view and long
working distance.

The following provides an example of a module, implemented in accordance with the
above-discussed aspects and embodiments, that can be coupled to a standard microscope to
optimize field of view and speed. As such, a 2 galvo system will be chosen to maximize the data
rate on an sSCMOS camera at the cost of optical performance.

System notes:

BFP; =2 * 180 * (1/20) = 18 mm
® Scan pupil = 18 * (70/180) = 7Tmm

e dgi =V2 * scan pupil =9.9mm

¢ The 7mm scan pupil is large for the CLS-SL scanning relay so the diffraction
Ernited fleld will be about Smm at IP1 {or about 450 um in the sample) but i will
stifl image up 1o 22 mm at lowsr numerical apsriure {which is the fisld number of
the primary cbiective). A 10 mm galvo iz large encugh for the pupll, but this i
quites a big mirror so flalness should be checked. Here, a standard 25 mm

coverslip is used 1o correct O2 in order 1o save on cost
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With all the criteria in mind, the optical train system set up is found below in Table 8:

TABLE 8

Zebrafish in water, refractive index:
~1.33

Biologist

20x(1.0) water dipping, W.D. = 2 mm,
22 mm field

XLUMPLELN20XW

Olympus SWTLU-C Tube lens, EFL=180 mm

Thorlabs Scan lens, EFL=70 mm

Thorlabs GVS211 1D scan galvo, 810 mm

Thorlabs Scan lens, EFL=70 mm

Thorlabs Scan lens, EEL=70 mm

Thorlabs GVS211 1D tile galvo, 910 mm
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Sl4  Thorlabs CLS-SL Scan lens, EFL=70 mm 1

TL2  Thorlabs EFL150 Tube lens assembly, EFL=150 mm 1

Quad band dichroic (excitation
D Chroma  ZT1405/488/561/640rpcv2 1
coupling)

02 Nikon MRBD00205 20x0.75 CFl Plan Apo Lambda 1

Coverslip, OD; ~25 mm, Thk:(0.170 +/-
16~ Various  N/A 1

0.05) mm
03 AS| AMS-AGY v1.0 Special glass-tipped objective 1
E Chroma  ZET405/488/561/640m Quad emission filter, 25 mm mounted 1
TL3 Nikon MXA22018 Tube lens, EFL=200 mm 1

sCMOS camera, 2048x2048 pixels with 1

c PCO edge 4.2
6.5x6.5 um? size

Example 7: Tube Lens Assemblies
One of the challenges of designing a single-objective light-sheet is making a good remote
re-focus, For an air based remote refocus a key requirement is (o match the magnification of the

remote image Lo the refractive index of the primary objective. As the primary objective changes,
44
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often the magnification and refractive index also change, which can make it awkward o find the

vight set of optics. Table 9 below provides examples of various tube lens assemblies.

TABLE 9
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Having described above several aspects of at least one embodiment, it is to be
appreciated various alterations, modifications, and improvements will readily occur to those
skilled in the art. Such alterations, modifications, and improvements are intended to be part of
this disclosure and are intended to be within the scope of the invention. It is to be appreciated
that embodiments of the methods and apparatuses discussed herein are not limited in application
to the details of construction and the arrangement of components set forth in the foregoing
description or illustrated in the accompanying drawings. The methods and apparatuses are
capable of implementation in other embodiments and of being practiced or of being carried out
in various ways. Examples of specific implementations are provided herein for illustrative
purposes only and are not intended to be limiting.

Also, the phraseology and terminology used herein is for the purpose of description and

PRI

should not be regarded as limiting. The use herein of “including,” “comprising,” “having,”

“containing,” “involving,” and variations thereof is meant to encompass the items listed
thereafter and equivalents thereof as well as additional items. References to “or” may be
construed as inclusive so that any terms described using “or” may indicate any of a single, more
than one, and all of the described terms. Any references to front and back, left and right, top and
bottom, upper and lower, and vertical and horizontal are intended for convenience of description,
not to limit the present systems and methods or their components to any one positional or spatial
orientation. the terms light, light signal, and optical signal may be used interchangeably herein
and refer generally to an electromagnetic signal that propagates through a given medium, which
may be empty space, e.g., a vacuum, or may be an atmospheric, e.g., air, or other medium, such
as fiber or other optics components. The terms “light,” “light signal,” and “optical signal” are not
meant to imply any particular characteristic of the light, such as frequency or wavelength, band,
coherency, spectral density, quality factor, etc., and may include infrared, visible, and/or
ultraviolet electromagnetic radiation, or other non-ionizing electromagnetic radiation
conventionally processed in the field of optics.

Accordingly, the foregoing description and drawings are by way of example only.
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CLAIMS

1. An oblique plane microscopy system configured to image a sample having a refractive
index no, the system comprising:

a first microscope arranged to receive light emitted from the sample, the first microscope
including a first objective lens having at least one of a first numerical aperture NA1 > no and a
first immersion medium with a first refractive index n; that is approximately equal to no;

a second microscope including a second objective lens, a combination of the first and
second microscopes being configured to produce an intermediate image of the sample with a
magnification Mrg, the second objective lens having a second numerical aperture NA2, the
intermediate image being formed in a second immersion medium having a second refractive
index n2, wherein the magnification Mrr is approximately equal to a ratio (ni/n2) of the refractive
indices of the first and second immersion media; and

a third microscope focused on the intermediate image and including a third objective
lens having a third numerical aperture, the third objective having an optical axis that is tilted
relative to an optical axis of the second objective by a tilt angle such that the third microscope
images an oblique plane in the intermediate image, corresponding to an oblique plane in the
sample, the third objective lens being configured and arranged to collect substantially all the

light from the second microscope.

2. The oblique plane microscopy system of claim 1 wherein the refractive index of the

sample is in a range of 1.33 to 1.41.

3. The oblique plane microscopy system of claim 2 wherein the first objective lens is a

silicone immersion lens.

4. The oblique plane microscopy system of claim 3 wherein the first numerical aperture is

NA; > 1.35.
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5. The oblique plane microscopy system of claim 4 wherein the first refractive index is n1 =
1.41.
6. The oblique plane microscopy system of claim 3 wherein the second immersion medium

is air such that the second refractive index is n2 = 1.0.

7. The oblique plane microscopy system of claim 6 wherein the second numerical aperture
is NA> > 0.95.
8. The oblique plane microscopy system of claim 1 wherein a ratio of the second numerical

aperture to the second refractive index (NA2/n2) is greater than or equal to a ratio of the first

numerical aperture to the first refractive index (NA1/n1).

9. The oblique plane microscopy system of claim 1 wherein the tilt angle is selected to

optimize a collection efficiency of the microscopy system.

10. The oblique plane microscopy system of claim 1 wherein the first objective lens is a

glycerol immersion lens.

11. The oblique plane microscopy system of claim 1 wherein the third numerical aperture is
NA3 > no.
12. The oblique plane microscopy system of claim 1 wherein the third objective lens includes

a solid glass frustum.

13. The oblique plane microscopy system of claim 12 wherein the third objective lens is

configured with a working distance in a range of 0 - 20 pm in air.

14. The oblique plane microscopy system of claim 1 further comprising a light source
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arranged to provide an incident beam of light to illuminate an oblique plane in the sample, the

oblique plane illuminated corresponding to the oblique plane being imaged.

15. The oblique plane microscopy system of claim 14 wherein the incident beam of light is

directed through the first objective lens.

16. The oblique plane microscopy system of claim 15 wherein the third microscope is

rotatable to adjust the tilt angle.

17. The oblique plane microscopy system of claim 16 wherein the tilt angle is selected based

in part on a divergence angle of the illumination light beam.

18. The oblique plane microscopy system of claim 1 wherein the first microscope further
includes a first lens, the first microscope having a first magnification M1, and wherein the second
microscope further includes a second lens having a focal length, frro, selected to set a

magnification of the second microscope, M, such that Mrr = Mi*M>! = (n1/no).

19. An oblique plane microscopy system configured to image a sample having a refractive
index no, the system comprising:

a first microscope arranged to receive light emitted from the sample, the first microscope
including a first objective lens having a first numerical aperture NA1 and a first immersion
medium with a first refractive index ni, the first objective lens being configured based on a
selected compromise between a first ideal condition of NA1 > no and a second ideal condition of
n; being approximately equal to no;

a second microscope including a second, air-immersion objective, a combination of the
first and second microscopes being configured to produce an intermediate image of the sample

with a magnification Mgrr = n1, and wherein a second numerical aperture of the second, air-
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immersion, objective, NA», is selected to approach a third ideal condition of NA2 being greater
than or equal to a ratio of the first numerical aperture to the first refractive index (NA1/n1); and
a third microscope focused on the intermediate image and including a third objective
lens having a third numerical aperture NA3 > 1, the third objective having an optical axis that is
tilted relative to an optical axis of the second objective by a tilt angle such that the third
microscope images an oblique plane in the intermediate image, corresponding to an oblique

plane in the sample.

20. The oblique plane microscopy system of claim 19 wherein the first objective lens is a

silicone immersion objective.

21. The oblique plane microscopy system of claim 19 wherein the tilt angle is selected to

optimize a collection efficiency of the microscopy system.

22. The oblique plane microscopy system of claim 19 wherein the third objective lens

includes a solid glass frustum positioned to intersect a field-of-view of the second, air-immersion

objective.

23. The oblique plane microscopy system 22 wherein the solid glass frustum has a beveled
edge.

24. The oblique plane microscopy system of claim 22 wherein the solid glass frustum is

shaped to allow an end region having a size corresponding to the field-of-view of the second, air-
immersion objective to be inserted into the field-of-view and to collect the available light from

the second, air-immersion objective.

25. The oblique plane microscopy system of claim 22 wherein the third microscope is

rotatable to adjust the tilt angle.
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26. A method of configuring a microscopy system for imaging an oblique plane in a sample,
the microscopy system including a first microscope, a second microscope, and a third
microscope, the method comprising:

selecting a first objective for the first microscope based on a chosen compromise between
first and second ideal conditions for the first objective, the first ideal condition being that the first
objective has a first numerical aperture NA; > no, wherein no is an estimate of a refractive index
of the sample, and the second ideal condition being that the first objective has a first immersion
medium with a first refractive index ni = no, wherein the first objective is configured to direct an
illumination light-sheet to the sample and to collect emission light from the sample;

selecting a second objective for the second microscope, the second objective being
configured to collect substantially all the emission light from the first objective;

configuring the second microscope to re-image the oblique plane in the sample onto an
intermediate image plane;

selecting a third objective for the third microscope, the third objective being positioned
on an opposite side of the intermediate image plane relative to the second objective and
configured to collect substantially all the emission light from the second objective while
accommodating a tilt angle a; and

positioning the third objective such that a primary optical axis of the third objective is

rotated relative to a primary optical axis of the second objective by the tilt angle a.

27. The method of claim 26 wherein configuring the second microscope to re-image the
oblique plane in the sample includes configuring a magnification of the second microscope, Ma,
such that a magnification, Mgg, of an image of the oblique plane in the sample at the intermediate

image plane satisfies the condition: Mgg = M M5! = el /n2’ where M1 is a magnification of

the first microscope, ni is a refractive index of an immersion medium of the first objective, and

n2 is a refractive index of an immersion medium of the second objective.
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28. The method of claim 27 wherein the second microscope includes a lens, and wherein
configuring the magnification of the second microscope includes selecting a focal length of the

lens.

29. The method of claim 26 wherein selecting the second objective includes selecting an air-

immersion second objective.

30. The method of claim 29 wherein selecting the first objective includes selecting a silicone

immersion objective.

31. The method of claim 29 wherein selecting the first objective includes selecting a glycerol

immersion objective.

32. The method of claim 27 wherein selecting the third objective includes selecting a third

objective having a solid glass frustum.

33. The method of claim 32 wherein positioning the third objective includes positioning the
third objective such that a tip of the solid glass frustum intersects a field-of-view of the second

objective.

34. The method of claim 27 wherein selecting the second objective includes minimizing n»

and selecting a second numerical aperture, NA», of the second objective to meet the condition:

NA2/n2 2 NAl/nl.

35. The method of claim 26 further comprising adjusting the tilt angle based in part on a

divergence angle of the illumination light-sheet.

36. A microscopy system for high numerical aperture, low aberration imaging of a tilted
image plane, comprising:
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a first objective arranged to collect emitted light from a sample and having a first
numerical aperture NA and a first immersion medium with a first refractive index n1, the first
objective being configured based on a chosen compromise between first and second conditions,
the first condition being NA1 = no and the second condition being n1 = no, wherein no is an
estimate of a refractive index of the sample;

a second objective having a second numerical aperture NA» and being positioned and
configured to collect substantially all the emitted light from the first objective, a combination of
the first and second objectives being configured to produce an intermediate image of the sample;
and

a third objective focused on the intermediate image, the third objective having an optical
axis that is tilted relative to an optical axis of the second objective by a tilt angle such that the
third objective images the tilted plane in the intermediate image, the third objective further
having a solid glass frustum that is shaped to allow an end region having a size corresponding to
a field-of-view of the second objective to be inserted into the field-of-view and to collect

substantially all the emitted light from the second objective while accommodating the tilt angle.

37. The microscopy system of claim 36 wherein the first objective is further configured and

arranged to deliver an illumination light beam to the sample.
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