wo 2016/123157 A9 | I8N OO A A

(43) International Publication Date

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

CORRECTED VERSION

(19) World Intellectual Property =

Organization gi

International Bureau
=

(10) International Publication Number

WO 2016/123157 A9

4 August 2016 (04.08.2016) WIRPOIPCT
(51) International Patent Classification: (72) Inventors: KIM, Jinho; 153 S. Chester Avenue #2, Pas-
GOIN 21/62 (2006.01) CI12M 1/34 (2006.01) adena, California 91125 (US). YANG, Changhuei; 800
(21) International Application Number: ;Klfg Ocloan}lgl)onwealth Avenue, #C, Alhambra, California

PCT/US2016/015002 ’
. 1o ) (74) Agents: MARTINEZ-LEMKE, Sheila et al.; Weaver
(22) International Filing Date: . 016 (26012016 Austin Villeneuve & Sampson LLP, P.O. Box 70250, Oak-
anuary 2016 (26.01.2016) land, California 94612-0250 (US).

(25) Filing Language: English (81) Designated States (uniess otherwise indicated, for every
(26) Publication Language: English kind of national protection available). AE, AG, AL, AM,
L. AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(30) Priority Data: BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
62/107,628 26 January 2015 (26.01.2015) Us HN.HR. HU. ID. IL. IN_ IR_ IS. JP. KE. KG. KN. KP. KR,
(71) Applicant: CALIFORNIA INSTITUTE OF TECHNO- KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,

LOGY [US/US]; 1200 E. California Boulevard, Pasadena,
California 91125 (US).

MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

[Continued on next page]

(54) Title: MULTI-WELL FOURIER PTYCHOGRAPHIC AND FLUORESCENCE IMAGING

(57) Abstract: An imaging device for bright field Fourier ptychographic imaging and
fluorescence imaging comprises a first fluorescence illumination source configured to
provide excitation light of a first range of wavelengths to a transparent well; an optical

200

system having a pair of objectives positioned oppositely; and an image sensor configured

to receive light propagated through the optical system from the transparent well. The im-
age sensor is configured to acquire a sequence of uniquely illuminated intensity measure-

FIG. 2C

ments of light passing through a sample in the well based on sequential illumination at
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to acquire a first fluorescence image of the sample based on light emitted by the sample in
response to excitation light of the first range of wavelengths.
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MULTI-WELL FOURIER PTYCHOGRAPHIC AND FLUORESCENCE IMAGING

CROSS-REFERENCES TO RELATED APPLICATIONS

{00801] This is a application claiming priority to and benefit of U.S. Provisional Patent
Application No. 62/107,631 titled “Real-time Cell Culture Monitoring via Fourier
Ptychographic Microscopy™ and filed on January 26, 2015 and U.S. Provisional Patent
Application No, 62/107,628, titled “Development of 96-well Plate Fluorescence Imaging
System” and filed on 26 January 2013, which are both hereby incorporated by reference in
their entirety and for ail purposes. This application is also related to U.S. patent application
serial number 15/007,196 {Attorney Docket No. CITIP033/CIT 7093), by Kim et al,, titled
“ARRAY LEVEL PTYCHOGRAPHIC IMAGING” and filed on the same day as the present

application, which is hereby incorporated by reference in its entirety and for all purposes,
FEDERALLY SPONSORED RESEARCH OR BEVELOPMENT

{8882} This invention was made with government support under Grant No, ODGG73067
awarded by the National Institutes of Health. The government has certain rights in the

inveation.

FIELD
{0003} Certain aspects are generally related to digital imaging, and more specificaily, to
imaging systems, devices, and methods for Fourier ptychographic and fluorescence imaging.

BACKGROUND

[0004] Live celi imaging and other cell culture monitoring is widely used in bioscience
experiments for a better understanding of dynamic cellular behaviors such as migration,
division, differentiation, interaction with the environment, and organelie-fevel events. Cell
culture monitoring can also provide the opportunity o detect vnaaticipated cell death and

contamination at an early stage to rescue failing cell culture in a timely manner.

RECTIFIED SHEET (RULE 91) ISA/KR
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[0005] For longitudinal studies, bioscientists have traditionally resorted to building a
specialized incubation and imaging chamber onto a conventional microscope, and imaging the

cultured cells directly on the microscope stage as discussed in

http://www.zeiss.com/microscopy/en_us/products/microscope-components/incubation.html.

This approach, however, is not only expensive, but occupies a significant amount of real estate in
the lab. Furthermore, field-of-view and image resolution are coupled to the physical properties
of the objective lens in the conventional microscope. Thus field-of-view and image resolution
must be traded off when using this conventional microscope platform. Another conventional
approach to cell culture monitoring is to incorporate imaging systems within incubators as

discussed in http://www.essenbioscience.com/essen-products/incucyte/. Unfortunately, these

conventional systems also employ a standard microscope. Moreover, mechanical scanning is
used. As aresult, it is difficult to obtain wide field of view and high resolution imaging at the
same time in these conventional systems. In addition, these systems are expensive to build and
maintain and their throughput is limited by the conventional microscope itself. That is, the
number of resolvable pixels, characterized by the space-bandwidth product (SBP) accessible
through a conventional microscope is typically limited to 10 megapixels. This SBP limitation

constrains the rate of image acquisition or throughput achieved by the conventional systems.

[0006] Most recently, on-chip microscopes have been developed with the purpose of
overcoming the SBP limit of the conventional microscope. These on-chip microscopes have
demonstrated successful high resolution and large field-of-view (FOV) imaging of the cell
cultures from within the incubator. Examples of these on-chip microscopes can be found at G.
Zheng, S. A. Lee, Y. Antebi, M. B. Elowitz, and C. Yang, “The ePetri dish, an on-chip cell
imaging platform based on subpixel perspective sweeping microscopy (SPSM),” Proc. Natl.
Acad. Sci. U.S.A. 108(41), 16889-16894 (2011), J. H. Jung, C. Han, S. A. Lee, J. Kim, and C.
Yang, “Microfluidic-integrated laser-controlled microactuators with on-chip microscopy imaging
functionality,” Lab Chip 14(19), 3781-3789 (2014), and C. Han, S. Pang, D. V. Bower, P. Yiu,
and C. Yang, “Wide field-of-view on-chip Talbot fluorescence microscopy for longitudinal cell
culture monitoring from within the incubator,” Anal. Chem. 85(4), 2356-2360 (2013). However,
these on-chip microscopes have the inherent limitation that cells need to be grown on top of the
image sensor. This limitation is a marked departure from the conventional cell culture workflow.

If culture cells or biological sample is imaged on top of the sensor chip, the surface is made with
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silicon-based material (usually silicon nitride), so cell culture environment changes. Even
though a special layer may be coated onto the image sensor, the bottom layer of the surface is
different from plastic or glass used in a conventional cell culture workflow. Furthermore, the
imaging sensor surface is an active layer and making heat during operation. So the cell culture
environment can be affected by the temperature change related with this heat unless the system is
designed for the cooling. Other lensless imaging methods, such as digital in-line holography,
can work without this restriction and can provide high imaging SBP in the brightfield mode, but
the absence of optical focusing elements prevents them from having effective fluorescence
imaging capability. Focusing elements are needed for effective fluorescence imaging capability
since due fluorescence emissions are incoherent and of low intensity, which degrades the
resolution of fluorescence images without any focusing elements. Examples of digital in-line
holography can be found in W. Bishara, T. W. Su, A. F. Coskun, and A. Ozcan, “Lensfree on-
chip microscopy over a wide field-of-view using pixel super-resolution,” Opt. Express 18(11),
11181-11191 (2010), W. Bishara, U. Sikora, O. Mudanyali, T. W. Su, O. Yaglidere, S. Luckhart,
and A. Ozcan, “Holographic pixel super-resolution in portable lensless on-chip microscopy using
a fiber-optic array,” Lab Chip 11(7), 1276-1279 (2011), and A. Greenbaum, U. Sikora, and A.
Ozcan, “Field-portable wide-field microscopy of dense samples using multi-height pixel super-

resolution based lensfree imaging,” Lab Chip 12(7), 1242-1245 (2012).

SUMMARY

[0007] Certain aspects pertain to multi-well based (MWB) systems, devices, and methods of
Fourier ptychographic and fluorescence imaging. In some aspects, multiple MWB systems can
be implemented into an incubator. In some aspects, an MWB system has multiple imaging

devices within a single body to image samples in parallel in a multi-well plate.

[0008] Certain aspects pertain to an imaging device for bright field Fourier ptychographic
imaging and fluorescence imaging. The imaging device comprises a first fluorescence
illumination source configured to provide excitation light of a first range of wavelengths to a
transparent well. The imaging device further comprises an optical system having a pair of
objectives positioned oppositely. The imaging device further comprises an image sensor

configured to receive light propagated through the optical system from the transparent well. The
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image sensor is further configured to acquire a sequence of uniquely illuminated intensity
measurements of light passing through a sample in the well based on sequential illumination at
different illumination angles from a variable illumination source. The image sensor is further
configured to acquire a first fluorescence image of the sample based on light emitted by the
sample in response to excitation light of the first range of wavelengths. In certain
implementations, the imaging sensor receives signals from a processor (e.g., of a controller) with

control instructions for acquiring images.

[0009] Certain aspects pertain to a system for Fourier ptychographic imaging and fluorescence
imaging. The system comprises a body configured to receive a multi-well plate and imaging
devices arranged for one to one correspondence with wells in the multi-well plate. Each imaging
device comprises a first fluorescence illumination source configured to provide excitation light
of a first range of wavelengths to the corresponding well and an optical system with a pair of
objectives positioned oppositely. Each imaging device further comprises an image sensor for
capturing intensity measurements based on light received from the corresponding well. The
system is configured to generate an improved resolution brightfield image of the sample using
Fourier ptychographic reconstruction based on a sequence of uniquely illumination intensity
measurements acquired during sequential illumination at different illumination angles by a
variable illumination source. The system is also configured to generate a first fluorescence image
based on light emitted by the sample in response to receiving excitation light of the first range of

wavelengths.

[0010] Certain aspects pertain to an imaging method comprising sequentially illuminating the
multi-well plate with plane wave illumination at a plurality of illumination angles. For each well
in the well plate, the imaging method acquires a sequence of uniquely illuminated intensity
measurements from light passing through a sample in the corresponding well based on sequential
illumination at the plurality of illumination angles. In addition, for each well in the well plate,
reconstructing with a Fourier ptychography reconstruction process an improved resolution
brightfield image of the sample based on the sequence of uniquely illuminated intensity
measurements. In certain implementations, the imaging method further comprises calibrating
positions of light sources of a variable illumination source to locations of image sensors

receiving light from wells in a multi-well plate.
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[0011] These and other features are described in more detail below with reference to the

associated drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIG. 1 is a schematic drawing of components of an incubator system with multiple
WMB systems for Fourier ptychographic bright-field imaging and/or fluorescence imaging,

according to an embodiment.

[0013] FIG. 2A is a schematic drawing of components of one of the MWB systems shown in

FIG. 1, according to an embodiment.

[0014] FIG. 2B is a schematic drawing of an exploded view of some of the components of the

MWB system shown in FIG. 2A.

[0015] FIG. 2C is a schematic drawing of a side view of components of the imaging device of

the MWB system shown in FIGS. 2A and 2B.

[0016] FIG. 2D is a schematic drawing of a side view of components of the MWB system
shown in FIGS. 2A, 2B, and 2C, and also a processor, computer readable medium (CRM), and

an optional display, according to an embodiment.

[0017] FIG. 3A is a schematic drawing of a plan view of components an MWB system

configured for single band fluorescence imaging, according to an embodiment.

[0018] FIG. 3B is a schematic drawing of a plan view of components an MWB system

configured for dual band fluorescence imaging, according to an embodiment.

[0019] FIG. 4A is a schematic drawing of an MWB system configured for dual band

fluorescence imaging, according to an embodiment.

[0020] FIG. 4B is a schematic drawing of some the components of MWB system shown in
FIG. 4A, according to an embodiment.

[0021] FIG. 5 is a photograph of an MWB system, according to an embodiment.
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[0022] FIG. 6 is a flowchart of a calibration process for calibrating the positions of the discrete
light elements (LEDs) of the variable illumination source relative to the image sensors, according

to embodiments.

[0023] FIG. 7A is a monochrome vignette image captured during illumination by a central

LED of an LED matrix, according to an embodiment.
[0024] FIG. 7B is a converted black and white image of the image of FIG. 7A.

[0025] FIG. 7C is an image captured during illumination by a center LED of an LED matrix,

according to another embodiment.

[0026] FIG. 7D is a lookup plot of LED displacement associated with x-shift and y-shift of the

center of the image with respect to the center of the image sensor, according to an embodiment.

[0027] FIG. 8 is a flowchart depicting operations of an imaging method implemented by each

of one or more imaging devices of an MWB system, according to embodiments.
[0028] FIG. 9 is a flowchart of a FP reconstruction process, according to an embodiment.
[0029] FIG. 10 is a flowchart of a FP reconstruction process, according to an embodiment.

[0030] FIG. 11A is an image of a USAF target taken with a conventional microscope having a
4X/NA 0.1 objective with planar illumination.

[0031] FIG. 11B is a raw intensity image of the USAF target taken by an MWB system having

a 1:1 imaging configuration, according to an embodiment.

[0032] FIG. 11C includes a high resolution bright field image of a USAF target generated by

an FP imaging process implemented by the MWB system, according to an embodiment.

[0033] FIG. 12A is an overlay image of a low resolution bright-field image with a

fluorescence image, acquired using an MWB system, according to an embodiment.

[0034] FIG. 12B is a reconstructed high resolution bright field image generated using the FP
reconstruction process of the imaging method implemented by the MWB system, according to an

embodiment.
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[0035] FIG. 12C is a reconstructed phase image generated using the FP reconstruction process

of the imaging method implemented by the MWB system, according to an embodiment.

[0036] FIG. 12D is a plot of the thickness of a bead on the reconstructed phase image through

a line indicated in FIG. 12C, according to an embodiment.
[0037] FIG. 13A is a defocused image of the USAF target at z=+100 um.

[0038] FIG. 13B is a digitally refocused image of the image shown in FIG. 13A as digitally
refocused during the FP reconstruction process of an imaging method implemented by the MWB

system, according to an embodiment.
[0039] FIG. 14A is a defocused image of the USAF target at z=-100 um.

[0040] FIG. 14B is a digitally refocused image of the image shown in FIG. 14A as digitally
refocused during the FP reconstruction process of an imaging method implemented by the MWB

system, according to an embodiment.

[0041] FIG. 15 is a plot of line traces of the smallest resolved features shown in FIGS. 13B

and 14B, according to an embodiment.
[0042] FIG. 16A is a defocused neuron culture sample image.

[0043] FIG. 16B is a digitally refocused phase image using FPM reconstruction of an imaging

method implemented by an MWB system, according to an embodiment.

[0044] FIG. 17 shows large field-of-view images generated by an MWB system, according to

an embodiment.

[0045] FIG. 18 is a time-lapse sequence of phase images generated by an FP process of an

imaging method implemented by an MWB system, according to an embodiment.

[0046] FIG. 19 is a plot of the positional trace of the tracked target cell based on images

generated by an MWB system, according to an embodiment.

[0047] FIG. 20 is a time-lapse sequence of images generated by an FP process of an imaging

method implemented by an MWB system, according to an embodiment.
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[0048] FIG. 21 is a block diagram of one or more subsystems that may be present in certain

MWB systems, according to embodiments.
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DETAILED DESCRIPTION

[0049] Different aspects are described below with reference to the accompanying drawings.

The features illustrated in the drawings may not be to scale.
[0050] 1. Introduction

[0051] Certain aspects pertain to multi-well based (MWB) systems, devices, and methods for
high resolution Fourier ptychographic bright-field imaging and mid-resolution fluorescence
imaging. In aspects, an MWB system includes a body designed to receive a multi-well plate
(e.g., 6-well plate or a 12-well plate) and includes multiple imaging devices for imaging
corresponding wells in the multi-well plate. In these aspects, each imaging device has one or
more high power fluorescence illumination sources for providing fluorescence illumination to
the corresponding well, an optical system with a pair of objectives (e.g., low NA objectives)
positioned oppositely in an imaging column, and an image sensor. The image sensor receives
light collected and focused from the corresponding well as propagated by the optical system. An
LED matrix or other variable illumination source sequentially illuminates the wells in the well-
plate from different illumination angles to provide Fourier ptychographic illumination. In some
aspects, an emission filter is located between the pair of objectives to block excitation light from
the one or more fluorescence illumination sources. In one aspect, the wavelength of the
illumination from the variable illumination source falls within the passband of the emission filter
so that image sensor can acquire a sequence of uniquely illuminated bright field images based on
the Fourier ptychographic illumination and fluorescence images based on the Fluorescence
illumination without having to remove the emission filter. A FP reconstruction process can be
used to generate an improved resolution brightfield image of the sample in each well from the
uniquely illuminated bright field images of the sample captured by the image sensor. Thus,
certain MWB systems can generate both high-resolution bright-field images and mid-resolution
fluorescence images of the samples in multiple wells in parallel. Since the imaging devices of
certain MWB systems can be compact and arranged in parallel columns, they can have
approximately the same footprint as the multi-well plate and multiple systems can be placed into

a single incubator.

[0052] Fourier ptychographic (FP) techniques can be used to overcome the SBP limit of

conventional imaging systems. Some examples of conventional microscopes systems that use
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FP imaging techniques are discussed in G. Zheng, R. Horstmeyer, and C. Yang, “Wide-field,
high-resolution Fourier ptychographic microscopy,” Nat. Photonics 7(9), 739-745 (2013), X. Ou,
R. Horstmeyer, C. Yang, and G. Zheng, “Quantitative phase imaging via Fourier ptychographic
microscopy,” Opt. Lett. 38(22), 4845-4848 (2013), R. Horstmeyer and C. Yang, “A phase space
model of Fourier ptychographic microscopy,” Opt. Express 22(1), 338-358 (2014), X. Ou, G.
Zheng, and C. Yang, “Embedded pupil function recovery for Fourier ptychographic
microscopy,” Opt. Express 22(5), 4960-4972 (2014), X. Ou, R. Horstmeyer, G. Zheng, and C.
Yang, “High numerical aperture Fourier ptychography: principle, implementation and
characterization,” Opt. Express 23(3), 3472-3491 (2015), J. Chung, X. Ou, R. P. Kulkarni, and
C. Yang, “Counting White Blood Cells from a Blood Smear Using Fourier Ptychographic
Microscopy,” PLoS One 10(7), e0133489 (2015), A. Williams, J. Chung, X. Ou, G. Zheng, S.
Rawal, Z. Ao, R. Datar, C. Yang, and R. Cote, “Fourier ptychographic microscopy for filtration-
based circulating tumor cell enumeration and analysis,” J. Biomed. Opt. 19(6), 066007 (2014),
and R. Horstmeyer, X. Ou, G. Zheng, P. Willems, and C. Yang, “Digital pathology with Fourier
ptychography,” Comput. Med. Imaging Graphics 42, 38-43 (2015), which are hereby

incorporated by reference for the discussion.

[0053] Certain aspects pertain to an imaging device that can implement FP techniques for
bright-field, high-resolution imaging and can also acquire mid-resolution fluorescence images.
To implement the FP techniques, a variable illumination source (e.g., LED matrix) with a series
of discrete light sources provides plane wave illumination sequentially at a series of illumination
directions to the sample. An image sensor captures a sequence of intensity distribution
measurements (raw intensity images) from light passing through the sample at different exposure
times while the sample is sequentially illuminated at the different illumination directions. The
intensity images can be combined in the spatial frequency domain using a Fourier ptychographic
reconstruction process to render a high-resolution image. By using a low magnification (with
low numerical aperture (NA)) objective as the collection element, the imaging device can

improve resolution while maintaining a wide field-of-view.

[0054] In certain aspects, the imaging devices of an MWB system are configured for high
throughput cell culture imaging. In these cases, the components of the imaging devices are

designed and arranged into a single body for a simple and compact MWB system capable of

10



WO 2016/123157 PCT/US2016/015002

imaging multiple samples in parallel. Since the MWB system is compact, multiple MWB
systems can be embedded into an incubator system for parallel monitoring of many cell cultures.
Since the imaging devices of this MWB system does not require that the sample be placed on top

of the image sensor, a cell culture can be grown and imaged in a multi-well plate.

[0055] In certain aspects, the imaging devices of an MWB system use high resolution imaging
techniques that tolerate experimental errors such as misalignment and/or defocus, which can be
beneficial for long time monitoring (e.g., longitudinal studies) without interruption. In certain
cases, imaging devices of an MWB system implement an imaging method with a calibration
process that can correct misalignment of the multi-well plate and/or digital refocus the high
resolution image as part of the FP reconstruction process. The digital refocusing capability
available with the FP reconstruction process can be useful for small drift and mechanical
instability of the well plate. This is a marked benefit to a user of the system since the user can
retain and refocus images that might have been rejected with conventional imaging techniques.
In addition, this eliminates the need for mechanical auto-focusing solutions and simplifies the
imaging device. Some details of the digital refocusing capability of FP techniques is described
in G. Zheng, R. Horstmeyer, and C. Yang, “Wide-field, high-resolution Fourier ptychographic
microscopy,” Nat. Photonics 7(9), 739-745 (2013), which is hereby incorporated by reference in
its entirety. Since the components and their arrangement can be simple, these imaging devices
can be compact and cost-effective. Systems with multiple imaging device units can be made
cost-effectively and compactly to provide simultaneous imaging capability, for example. The
ability to perform parallel imaging can boost the effective system SBP by a factor equal to the

number of parallel units.

[0056] In certain aspects, the imaging devices of an MWB system are designed with a wide
field-of-view that is large enough to monitor a representative part of the sample which is useful
to make cell culture monitoring most effective in biological research. In some cases, imaging
devices have a field-of-view in the range of 0.01lmm” to 100cm”. In certain aspects, imaging
devices are designed to produce images at a resolution that is high enough to distinguish cellular

changes of interest. In some cases, imaging devices have a spatial resolution of 2pm to 10 pm.

11
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IL. Systems for Fourier ptychographic bright-field imaging and fluorescence imaging

[0057] Certain aspects pertain to an incubator system comprising an incubator with an internal
volume that can be loaded with one or more MWB systems. In certain cases, an MWB system
has multiple imaging devices (also called imaging units) with vertical imaging columns arranged
in parallel within a single body. As designed, the MWB system can simultaneously (in parallel)
image samples in multiple wells of a multi-well plate loaded on the top of the body. Each
imaging device of this MWB system is configured for both Fourier ptychographic bright-field
high resolution imaging and mid-resolution fluorescence imaging of a sample in a corresponding
well of a multi-well plate. An example of an incubator is a biological incubator having an

internal volume of 200 liters.

[0058] In some cases, the incubator system has multiple horizontal shelves that are spaced
apart horizontally in the internal volume. The horizontal shelves are sized and spaced apart to
hold various equipment such as plates, flasks and/or one or more MWB systems. In one aspect,
an incubator system has horizontal shelves sized and spaced apart so that one or more MWB
systems can be loaded onto a horizontal shelf. In one example, the spacing between adjacent
horizontal shelves is at least 250 mm apart. The incubator system also includes electrical
connectors between the imaging devices in each of the MWB systems to a processor(s) (e.g.,

microprocessor) and/or power supply(ies).

[0059] In one aspect, the incubator system includes a variable illumination source (e.g., an
LED matrix) located on a surface or other structure above a horizontal shelf that can be loaded
with one or more MWB systems. In one example, the horizontal shelf that will be loaded is a
lower shelf of the incubator. In this case, the LED matrix or other variable illumination source
faces downward and is located on a bottom surface of the horizontal shelf above this lower shelf.
In another case, the horizontal shelf being loaded is the top shelf of the incubator. In this case,
the LED matrix or other variable illumination source faces downward and is located on the
internal surface of the upper horizontal wall of the internal volume of the incubator. Although
certain examples of an incubator system are described herein with an incubator of two horizontal
shelves with six MWB systems per shelf, it would be understood that the disclosure is not so
limiting and that other examples of an incubator system can have an incubator configured with

more or fewer shelves and/or load more or fewer MWB systems on a horizontal shelf.

12
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[0060] FIG. 1 is a schematic drawing of components of an incubator system 10 with multiple
MWB systems 100 for Fourier ptychographic bright-field imaging and/or fluorescence imaging,
according to an embodiment. The incubator system 10 comprises an incubator 12 having an
internal volume 14 (e.g., 200 liters), two horizontal shelves 16 in the internal volume 14, and a
water tray 30 proximal the lower surface of the incubator 12. The horizontal shelves 16 are
spaced apart (e.g., at least 250 mm apart). Twelve (12) MWB systems 100 for Fourier
ptychographic bright-field imaging and/or fluorescence imaging are shown loaded onto two
horizontal shelves 16 (six to a shelf) in the internal volume 14 of the incubator 12. The incubator
system includes two variable illumination sources 110 in the form of color LED matrixes. A
first variable illumination source 110 is configured to provide FP sequential illumination to the
six MWB systems 100 loaded onto the top horizontal shelf 16 of the incubator 12. The first
variable illumination source 110 is attached to the bottom surface of the upper horizontal wall of
the internal volume 14 of the incubator 12. The second variable illumination source 110 is
attached to the bottom surface of the upper horizontal shelf 16 above the lower horizontal shelf
loaded with the MWB systems 100. The incubator system 10 also includes electrical
connections (shown in FIG. 2D) between the MWB systems 100 and a processor(s) and/or
power supply(ies).

[0061] In the illustrated example, six (6) MWB systems 100 on each horizontal shelf 16 share
a variable illumination source 110. The variable illumination source 110 provides sequential
illumination at different illumination angles to the samples in the well plates of the MWB
systems 100. In other examples, each MWB system 100 has its own variable illumination source

110 or shares with more or fewer MWB system 100 systems.

[0062] Certain aspects pertain to an MWB system with multiple parallel imaging devices.
Each imaging device has vertically aligned components so that multiple parallel imaging devices
can be arranged in a single body to be able to simultaneously image samples in multiple wells in
a multi-well plate loaded on the top of the body. Each imaging device is configured for both
Fourier ptychographic bright-field high resolution imaging and mid-resolution fluorescence
imaging of a sample in a single well of the multi-well plate (e.g. six (6) well plate or twelve (12)

well plate). The body of this MWB system is designed to accept and hold the multi-well plate.

13
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For example, the body may include a lip in the shape of the outer perimeter of the multi-well

plate for seating the multi-well plate.

[0063] Asused herein, a multi-well plate refers to a flat plate of transparent material having
multiple wells, each well for receiving and containing a sample. Generally the wells are of a
round or square shape with an open top end for receiving the sample and a closed bottom. In one
example, each well of the multi-well plate is a round with a diameter of thirty-six (36) mm. In
one example, each well of the multi-well plate is a round with a diameter of thirty-four (34) mm.
In one example, each well of the multi-well plate is a round with a diameter of twenty-three (23)
mm. A sample being imaged in a well can be comprised of one or more objects and/or one or
more portions of an object. Each object may be, for example, a biological entity, an inorganic
entity, etc. Some examples of biological entities that can be imaged include whole cells, cell
components, microorganisms such as bacteria or viruses, and cell components such as proteins.
An example of an inorganic entity that can be imaged is a semiconductor wafer. The sample

may be provided in a medium such as a liquid.

[0064] In certain aspects, an imaging device of an MWB system receives sequential
illumination from a variable illumination source (or shares a variable illumination source with
other imaging device) and includes at least one high power fluorescence illumination source
configured to provide excitation light and an imaging part with a: imaging optical system
arranged in a vertical column. In some cases, the imaging device or MWB system includes the
variable illumination source. The imaging optical system is a 1:1 system in certain
implementations. Other ratios can be used. In some cases, the imaging optical system is
designed to match the resolution of the objective lenses with half of the pixel size of the image

SENnsor.

[0065] Although certain examples of an MWB system are described herein as having six (6)
imaging devices for independent imaging samples in six wells in a 6-well plate, it would be
understood that the disclosure is not so limiting and that MWB systems can have fewer or more
imaging devices (units). For example, an MWB system can have 12 imaging devices for

imaging samples in 12 wells of a 12-well plate.

[0066] As used herein, a variable illumination source refers to a device that can be configured

to provide plane wave illumination sequentially at » different illumination angles to a sample of
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one or more MWB systems. Each illumination angle corresponds to a location of a
corresponding region in the Fourier domain. The variable illumination source comprises an
arrangement of multiple discrete light elements at different locations, for example, in a two-
dimensional grid, a line array, concentric circles, etc. In some cases, each discrete light element
includes multiple light sources, for example, a red light source, a blue light source, and a green
light source. In FIG. 1, for example, the variable illumination source 110 is a three color LED
(two-dimensional) matrix where each LED includes a red light source, a blue light source, and a
green light source. By sequentially illuminating » different discrete elements (or groups thereof)
at different locations, the variable illumination source provides plane wave illumination at n
different illumination angles. In one aspect, the variable illumination source is in the form of a
two-dimensional matrix, (e.g., 32 x 32 matrix, 100 x 100 matrix, 32 x 64 matrix, 64 x 64 matrix,

and 128 x 128 matrix).

[0067] To provide sequential illumination, the variable illumination source illuminates
different discrete elements (or groups thereof) at different locations during the FP image
acquisition process. The order and timing of the activation of the discrete elements of the
variable illumination source are provided in illumination instructions. In one example, the order
of illumination is a circular pattern starting/ending from/to the center position. In another

example, the order of illumination follows a serpentine patter from top row to bottom row.

[0068] Although typically the light sources of a variable illumination source are coherent light
sources, in one aspect, sources with finite-sized active areas that emit incoherent light can be
used. This light that is incoherent at the finite-sized source will form a partially coherent field
upon propagation to the sample plane, and computational corrections can be applied in the
Fourier reconstruction process to account for the partially coherent nature of the incident

illumination.

[0069] In some aspects, the variable illumination source provides visible light. An example of
a variable illumination source that provides visible light is a light emitting diode (LED) matrix.
In this example, each LED is a light element. Another example of a variable illumination source

that provides visible light is a liquid crystal display (LCD).

[0070] Each imaging device of an MWB system includes a fluorescence illumination part

having one or more high power fluorescence illumination sources for providing fluorescence
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illumination, which is excitation light for activating fluorophores in the sample. Each high-
power fluorescence illumination source is designed to generate excitation light of a certain range
of wavelengths. In multi-color fluorescence imaging examples, each imaging device has a

separate high power fluorescence illumination source for each band being imaged.

[0071] Each high-power fluorescence illumination source includes one or more high power
light sources (e.g., high-power LEDs) and an excitation filter for passing excitation light of a
range of wavelengths and blocking other wavelengths. In one example, a high-power
fluorescence illumination source includes six (6) high-power LEDs. In one example, a high-
power fluorescence illumination source includes one (1) high-power LED. In one example, a
high-power fluorescence illumination source includes multiple high-power LEDs. For single
color (band) fluorescence imaging, each imaging device has at least one high power fluorescence
illumination source with a high power light source(s) (e.g., LED) and an excitation filter for
passing excitation light of a certain range of wavelengths and blocking other wavelength. For
multi-color (multi-channel) fluorescence imaging, the number of sets of high power light
source(s) and filters increases by the number of fluorescence channels. For multi-band
fluorescence imaging, a different high power fluorescence illumination source is used for each
fluorescence channel. Each high power fluorescence illumination source is illuminated at a
different image acquisition time so that a monochromic fluorescence image is separately
acquired for each channel. A processor can implement instructions to convert a monochromic
fluorescence image into a color fluorescence image. In multi-color embodiments, a processor
can generate a multi-color fluorescence image by overlaying image data from multiple color
fluorescence. For example, a processor can generate a blue-green fluorescence image by

overlaying image data from a blue fluorescence image and a green fluorescence image.

[0072] To provide fluorescence illumination while maintaining a compact system, the one or
more high power fluorescence illumination sources of an imaging device can be located at the
side of the well being illuminated, according to certain aspects. At this side location, the one or
more high power fluorescence illumination sources can shine excitation light to the sample
directly from the side of the well without blocking the light path from the variable illumination
source. In one aspect, the one of more high-power fluorescence illumination sources of each

imaging device are installed into or on the side of the multi-well plate. Generally, the one or
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more high-power fluorescence illumination sources (both high power light source(s) and
excitation filter) are inclined toward the well center so the path of the direct excitation light goes
to the center of each well (i.e. the region of interest of each well). In some cases, the one or
more high-power fluorescence illumination sources are positioned at an angle from the plane at
the bottom inner surface of the well. The angle is selected to be out of the numerical aperture
(NA) of the first objective lens to prevent the acceptance of the powerful unscattered excitation

light. In one aspect, the angle is 6 degrees. In another aspect, the angle is 4.6 degrees.

[0073] In one aspect, the LED matrix or other variable illumination source is shared by
multiple imaging devices and/or multiple MWB systems. In this aspect, a single illuminated
light element (e.g., LED) can provide plane wave illumination to multiple imaging devices
and/or MWB systems simultaneously. For example, the incubator system 10 described with
respect to FIG. 1 has six (6) MWB systems 100 on each horizontal shelf 20, all six MWB
systems 100 sharing the variable illumination source 110 on a surface above the horizontal shelf
20. With sharing configurations, the effective footprint of each imaging device is reduced,
which makes more parallel experiments possible in the limited internal volume inside the
incubator. This sharing configuration also frees up space between the multi-well plate and the
variable illumination source, which provides space for easy access to the multi-well plate and
eliminates the possibility of unnecessary reflection from additional surfaces. According to
certain aspects, an MWB system includes parallel sets of vertically aligned imaging devices in a
single body. The imaging part of each imaging device includes an optical system and an image
sensor of, for example, a CMOS sensor camera. The optical system has a pair of objectives
positioned oppositely in an imaging column and an emission filter between the objectives. The
objectives include a first collection objective that collects light issuing from the sample and a
second focusing objective that focuses light to the image sensor. In certain implementations, the
optical system is a 1:1 system to allow for 1-to-1 imaging of the sample onto the image sensor.
The 1:1 imaging system provides for wide field of view imaging of the sample in the well by
using a first collection objective with a low magnification (low NA). In some cases, optical
system is designed for a field of view to image over an area of a well having a diameter of about

36 mm or greater.
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[0074] In one example, the first collection objective has an NA of about 0.1. In another
example, the first collection objective has an NA of about 0.2. In another example, the first
collection objective has an NA of about 0.4. In another example, the first collection objective has
an NA of less than 0.05. In another example, the first collection objective has an NA of less than

0.01.

[0075] By using two of the same objectives, the imaging device can made more compact by
maintaining the same footprint and without reducing the resolution of the objective lens. Also,
by making the infinite plane between the two objective lenses, the imaging devices can be fine
tuned to focus each well independently without changing the magnification of each well. In one

example, each objective is an Olympus 4X/NA 0.1 objective lens.

[0076] In some cases, the optical system also has an emission filter between the first objective
and the second objective at the Fourier plane of the sample. The emission filter blocks excitation
light from the one or more high-power fluorescence illumination sources of the device. In one
aspect, the emission filter is an interference filter. In an example of an imaging device for single
channel fluorescence imaging, the emission filter is a band pass or a long pass filter. In an
example of an imaging device for the multi-channel fluorescence imaging, the emission filter is a

multiband filter.

[0077] In one aspect, the range of wavelengths of the brightfield illumination from the variable
illumination source fall within the passband of the emission filter so that the emission filter
passes light from the variable illumination source that passes through the sample in the well. In
this case, the image sensor can acquire both a sequence of uniquely illuminated bright field
images and fluorescence images while leaving the emission filter in place. In another aspect, the
range of wavelengths of the brightfield illumination from the variable illumination source do not
fall within the passband of the emission filter and the emission filter is removed during the FP

image acquisition process.

[0078] According to certain aspects, each imaging device of an MWB system includes an
image sensor (e.g., CMOS sensor) that can acquire » uniquely illuminated intensity images
during the FP image acquisition process and that can acquire a fluorescence image during each
fluorescence image acquisition process. The image sensor acquires each image by measuring an

intensity distribution of light incident the sensing area of image sensor over an exposure time.
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The image sensor is part of a USB camera in many examples. The image sensor is a

monochromic detector.

[0079] In one aspect, the size of the image sensor matches with the field number of the
objective lens and/or the size of each sensor element (pixel) matches with half of the resolution
which the objective can provide. This sizing allows the imaging device to make full use of
objective field of view. In order to make full use of the SBP of the optical system, the pixel size
of the sensor should be equal or smaller than half of the resolution of the objective lens, and the
size of the sensor surface should be equal or larger than the field of view of the objective. When

both of the above condition is equal, the system is well designed and most effective.

[0080] During each fluorescence image acquisition process, the image sensor acquires a
monochromic fluorescence image while a high power fluorescence illumination source provides
fluorescence illumination (excitation light) of a range of wavelengths. The monochromic image
is converted into a color fluorescence image by the processor. If the MWB system has multiple
high-power fluorescence illumination sources, the image sensor can acquire multiple
monochromic fluorescence images, each fluorescence image while one of the high-power

fluorescence illumination sources provides fluorescence illumination.

[0081] An image acquisition (sample) time refers to a time during the exposure duration of the
image sensor during which the image sensor measures an intensity distribution to capture a
single intensity image. During an FP image acquisition process, the image sensor captures »
uniquely illuminated intensity images (e.g., n=1, 2, 5, 10, 20, 30, 50, 100, 1000, 10000, etc.).
In some cases, the image sensor samples images at a uniform sampling rate during an image
acquisition process. In one case, the sampling rates may be in the range of 0.1 to 1000 frames

per second.

[0082] As mentioned above, the image sensor captures 7 uniquely illuminated intensity images
during an FP image acquisition process. Each of the plurality of # uniquely illuminated intensity
images captured by the image sensor is associated with a region in Fourier space. In Fourier
space, the neighboring regions share an overlapping area over which they sample the same
Fourier domain data. In one example, the neighboring regions in Fourier space overlap by about
2% to about 99.5% of the area of one of the regions. In another example, the neighboring

regions in Fourier space overlap by about 65% to about 75% of the area of one of the regions. In
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another example, the neighboring regions in Fourier space overlap by about 65% of the area of
one of the regions. In another example, the neighboring regions in Fourier space overlap by
about 70% of the area of one of the regions. In another example, the neighboring regions in

Fourier space overlap by about 75% of the area of one of the regions.

[0083] FIG. 2A is a schematic drawing of components of one of the MWB systems 100 shown
in FIG. 1, according to an embodiment. The illustrated MWB system 100 is designed to be
compatible with a 6-well plate 20. The MWB system 100 is comprised of six (6) imaging
devices 200 arranged in parallel within a single body 102. As designed, the six imaging devices
200 can image samples in the six wells 22 of the 6-well plate 20. In FIG. 2A, the 6-well plate 20
is loaded into the top of the body 102 of the MWB system 100. FIG. 2B is a schematic drawing
of an exploded view of some of the components of the MWB system 100 shown in FIG. 2A.

[0084] In certain aspects, each imaging device of an MWB system includes an FP illumination
part, a fluorescence illumination part, and an imaging part. In FIGS. 2A and 2B, the FP
illumination part is in the form of a variable illumination source 110 shared with other MWB
systems 100. The variable illumination source 110 provides FP illumination i.e. sequential
illumination at different illumination angles to the samples within the 6-well plates 20 of the

MWB systems 100 on a horizontal shelf 16.

[0085] In FIGS. 2A and 2B, each imaging device 200 also includes a fluorescence
illumination part in the form of a high power fluorescence illumination source 220. The high
power fluorescence illumination source 220 is configured to provide excitation light
(fluorescence illumination) to the well 22 from the side of the well-plate 20. In one aspect, the

high power fluorescence illumination source 220 is installed into or on the side of the well-plate

20.

[0086] In FIGS. 2A and 2B, each imaging device 200 also includes an imaging part 240. The
imaging part 240 includes an optical system and an image sensor 270. In FIGS. 2A, 2B, and 2C,
each of the image sensors is in a 5 MP CMOS camera (e.g., Imaging Source, DMK 23UP03 1
with a pixel size of 2.2 um). The optical system has a pair of the same objectives (e.g., Olympus
4X, NAO.1 or other low magnification objective) including a first objective 250 and a second
objective 260 positioned oppositely and forming a vertical imaging column. This 1:1 imaging

system allows for 1-to-1 imaging of the sample onto the image sensor 270. In order to have
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large field-of-view of imaging, the objectives, 250 and 260, are of low magnification. In one
example, each of the objectives 250, 260 has an NA of about 0.10. In one example, each of the
objectives 250, 260 has an NA of about 0.08. In one example, each of the objectives 250, 260
has an NA of about 0.13. Some examples of objectives 250 and 260 are commercially available

at low cost.

[0087] The 1:1 optical system also includes an emission filter 255 located between the first
objective 250 and the second objective 260. The emission filter 255 blocks excitation light from
the high power fluorescence illumination source 220. In the illustrated example, the range of
wavelengths of the brightfield illumination from the variable illumination source 110 fall within
the passband of the emission filter 255 so that image sensor 270 can acquire both a sequence of
uniquely illuminated bright field images and fluorescence images without removing the emission

filter 255.

[0088] Each imaging device 200 shown in FIGS. 2A and 2B can capture a sequence of raw
bright-field images using the image sensor 270 while the variable illumination source provides
sequential illumination from different illumination angles. In one aspect, the image sensor 270
captures raw images sequentially while different LEDs light up in turn. Each raw bright-field
image is generally of poor resolution since the objectives 250 and 260 are of low magnification.
Due to the low magnification of the first objective 250, a large field-of-view of the sample can be
imaged. The imaging device 200 can use Fourier ptychographic (FP) techniques to generate a
high-resolution bright field image of the sample with the sequence of low resolution intensity
images acquired by the image sensor. Using FP techniques, the uniquely illuminated raw
intensity images are stitched together in the Fourier domain using a phase retrieval operation in
the FP reconstruction process, which results in the high-resolution bright-field image. Details of
the FP reconstruction process can be found in G. Zheng, R. Horstmeyer and C. Yang, “Wide-
field, high-resolution Fourier ptychographic microscopy,” Nature Photonics, 2013, which is
hereby incorporated by reference in its entirety. Some details of the FP reconstruction process

can be found in Section II1.

[0089] Each imaging device 200 in FIGS. 2A and 2B can monitor the sample (e.g., cell
culture) located in each well 22 using both high resolution and wide field of view imaging and

mid-resolution fluorescence imaging with the approximate system footprint of a 6-well plate. By
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using an optical system with the same objectives 250 and 260 in a vertical imaging column, the
imaging device 200 is reduced in size to allow for spacing (e.g., on 30 mm centers) in the MWB
system 100 of less than a spacing of a 6-well plate. This configuration allows for assigning an
imaging device 200 to each well 22 of the 6-well plate 20 with both high resolution FP imaging
and mid-resolution fluorescence imaging (single or multi-band). With this configuration, the
MWRB system 100 can image multiple wells in a multi-well plate simultaneously without the use
of any mechanical movement is typically needed in conventional systems used to image multi-

well plates.

[0090] FIG. 2C is a schematic drawing of a side view of components of the imaging device
200 of the MWB system 100 shown in FIGS. 2A and 2B, according to an embodiment. The
imaging device 200 comprises a variable illumination source 110 for providing FP sequential
illumination 112. As used herein, FP sequential illumination refers to plane wave illumination at
n different illumination angles sequentially provided during a FP raw image acquisition cycle. In
one aspect, FP sequential illumination is accomplished by sequentially illuminating different
discrete light elements (e.g., LEDs) at different locations of the variable illumination source 110.
In FIG. 2C, the variable illumination source 110 is shown providing illumination at three
different illumination angles at three image acquisition times by illuminating difterent light
elements, one by one sequentially. FIG. 2C is depicted at an acquisition time #, where /=1 to n.
At this acquisition time, #;, plane wave illumination depicted by the solid arrow is being provided
by the variable illumination source at an illumination angle, 8;, The dashed arrows depict plane

wave illumination at other acquisition times as provided by the variable illumination source 110.

[0091] The imaging device 200 also includes a high power fluorescence illumination source
220 for providing excitation light 223. The high power fluorescence illumination source 220 is
installed to provide excitation light 223 from the side of the well 22. The high-power
fluorescence illumination source 220 includes high-power LEDs 221 (e.g., six high-power
LEDs) and an excitation filter 222. The excitation filter 222 passes the excitation light 223 and
blocks other wavelengths. The high-power fluorescence illumination source 220 is positioned to
direct excitation light 223 at a small angle, ¢, from a plane at the bottom inner surface 23 of the
well 22 to prevent much of the excitation light 223 from being collected by the first objective

250. At the acquisition time, #;, depicted in the illustrated example, the high-power fluorescence
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illumination source 220 is not currently providing excitation light 223 as depicted by the dashed

arrow. Excitation light 223 is provided at another image acquisition time.

[0092] The imaging device 200 also includes an imaging part 240 with an optical system 244,
and an image sensor 270 of, for example, a USB connected camera. The optical system 244
includes a first objective 250 and a second objective 260 that form an imaging column. The
objectives 250 and 260 are the same and positioned oppositely to form an imaging column that
allows 1-to-1 imaging of the sample onto the image sensor 270 of the USB connected camera.
For large field-of-view of imaging, the objectives, 250 and 260, are of low magnification. The
1:1 optical system 244 also includes an emission filter 255 located between the first objective
250 and the second objective 260 at the Fourier plane of the sample. The emission filter 255

blocks excitation light from the high power fluorescence illumination source 220.

[0093] FIG. 2D is a schematic drawing of a side view of components of the MWB system 100
shown in FIGS. 2A, 2B, and 2C, and also including a processor 180, computer readable medium
(CRM) 182, and an optional display 182 (denoted by a dashed line), according to an
embodiment. In this view, two of the imaging devices 200 of the MWB systems 100 are shown
sharing a variable illumination source 110 for providing FP sequential illumination 112 to the
wells 22 of the 6-well plate 20 (shown in FIGS. 2A and 2B). In FIG. 2D, the variable
illumination source 110 is shown providing illumination at three different illumination angles at
three image acquisition times to each well 22 by illuminating different pairs of light elements,
each pair sequentially. At the acquisition time depicted in the illustrated example, plane wave
illumination is provided by the variable illumination source 110 from a pair of light elements of
the variable illumination source 110. The dashed arrows depict plane wave illumination at other

acquisition times.

[0094] Each imaging device 200 includes a high power fluorescence illumination source 220
for providing excitation light 223 from the side of the well 22 of each imaging device 200. Each
high-power fluorescence illumination source 220 includes high-power LEDs 221 and an
excitation filter 222 for passing excitation light 223 and blocking other wavelengths. The high-
power fluorescence illumination source 220 is positioned to direct excitation light 223 at a small
angle (shown in FIG. 2C) from a plane at the bottom inner surface 23 of the well 22. At the

acquisition time, #;, depicted in the illustrated example, the high-power fluorescence illumination
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source 220 is not providing excitation light 223 as depicted by the dotted arrow. That is, at the
time shown in this illustrated example, the variable illumination source 110 is turned on and
providing plane wave illumination 112 from a pair of light elements to the wells 22 and the high

power fluorescence illumination source 220 is not turned on.

[0095] Each imaging device 200 also includes an imaging part 240 with an optical system 244,
and an image sensor 270 of, for example, a USB connected camera. The optical system 244
includes a first objective 250 and a second objective 260 that form an imaging column. The
objectives 250 and 260 are the same and positioned oppositely to form an imaging column that
allows 1-to-1 imaging of the sample onto the image sensor 270 of the USB connected camera.
For large field-of-view of imaging, the objectives, 250 and 260, are of low magnification. The
optical system 244 also includes an emission filter 255 located between the first objective 250
and the second objective 260 at the Fourier plane of the sample. The emission filter 255 blocks
excitation light from the high power fluorescence illumination source 220. In FIG. 2C, the
emission filter 255 is between the same objectives 150 and 160 at the Fourier plane of the

sample.

[0096] FIG. 2D also shows the processor 180, computer readable medium (CRM) 184, and
optional display 182 that is shared by one or more of the MWB systems 100 of the incubator
system 10 shown in FIG. 1. The CRM 184 is in communication with the processor 180. The
optional display 182 is in communication with the processor 180. The processor 180 is also in
communication with each of the image sensors 270. Optionally, the processor 180 is also in
communication with the variable illumination source 110 and/or the high power fluorescence
illumination sources 220 as denoted by dotted lines. In one aspect, the processor 180, display
182 and CRM 184 are components of a computing device such as, for example, a smartphone,

laptop, desktop, tablet, and the like.

[0097] During an exemplary operation of the MWB system 100 shown in FIGS. 2A-2D, each
image sensor 270 captures a sequence of # uniquely illuminated intensity images during FP
sequential illumination at z illumination angles. For example, a sequence of one hundred sixty
nine (169) images from sequential illumination at one hundred sixty nine (169) illumination
angles from turning on each LED in a two-dimensional 13 x 13 LED matrix. The processor 180

stiches the data together from the sequence of » uniquely illuminated intensity images in the
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spatial frequency domain using a FP reconstruction process to render a higher resolution
brightfield image of the sample in the well 22 associated with the image sensor 270. The MWB
system 100 performs fluorescence imaging by illuminating the sample with a different high
power fluorescence illumination source for each fluorophore being activated and associated
fluorescence image being captured. In one case, the bright-field illumination wavelength of the
variable illumination source falls within the pass band of the emission filter 255 and the image
sensor 270 can collect both brightfield and fluorescence images while the emission filter 255
remains in place between the objectives 250 and 260. In another case, the emission filter 255 is
inserted between the objectives 250 and 260 before the fluorescence imaging cycle and/or

removed before an FP image acquisition process.

[0098] In single band embodiments, the imaging device of an MWB system need only include
a single high power fluorescence illumination source. For example, the imaging device 100
shown in FIG. 2A has a single high-power fluorescence illumination source that includes six
high power LEDs and a first excitation filter that passes a first range of wavelengths. In this
aspect, the imaging device also includes a single band emission filter at the Fourier plane of the
one-to-one optical system between the first objective and the second objective. The single band

emission filter blocks excitation light of the first range of wavelengths.

[0099] In dual band embodiments, an imaging device has at least two high power fluorescence
illumination sources: a first high-power fluorescence illumination source and a second high-
power fluorescence illumination source. The first high-power fluorescence illumination source
has a high power light source and a first excitation filter that passes excitation light of a first
range of wavelengths. In one case, the first range of wavelengths is a range between 320nm and
380 nm. In another case, the first range of wavelengths is a range between 410 nm and 460 nm.
In another case, the first range of wavelengths is a range between 470 nm and 500. The second
high-power fluorescence illumination source has a high power light source and a second
excitation filter that passes excitation light of a second range of wavelengths. In one case, the
second range of wavelengths is a range between 470 nm and 500 nm. In another case, the
second range of wavelengths is a range between 570 nm and 600 nm. In another case, the
second range of wavelengths is a range between 450 nm and 500 nm. In dual band

embodiments, the imaging device also includes a dual band emission filter at the Fourier plane of
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the one-to-one optical system between the first objective and the second objective. The dual
band emission filter blocks excitation light of a first range of wavelengths and blocks excitation

light of the first range of wavelengths.

[0100] In dual band embodiments, the imaging device can generate a first monochromic
fluorescence image based on the first range wavelengths and a second monochromic
fluorescence image based on the second range of wavelengths. In one aspect, a processor
implements instructions to convert one or both of the monochromic fluorescence images into
color fluorescence images. The processor can implement instructions to combine the color
fluorescence images into a dual-color fluorescence images. . This dual-color fluorescence
image is useful in biological tests to distinguish between different features of the sample

displayed in different colors.

[0101] FIG. 3A is a schematic drawing of a plan view of components an MWB system 300
configured for a single band fluorescence imaging, according to a single band embodiment.
Components of the MWB system 300 are similar to those described with respect to FIGS. 2A,
2B, 2C, and 2D. In this example, the imaging devices of the MWB system 300 have a single
band emission filter (not shown) between the objectives. The illustrated MWB system 300
comprises six (6) of the same imaging devices arranged within a body 301 to be able to image
samples in all six wells 303 in the 6-well plate 302 loaded on top of the body 301. Each of the
imaging devices includes a high power fluorescence illumination source 320 for providing
excitation light of a first range of wavelengths. The high power fluorescence illumination
sources 320 are installed to provide the excitation light from the side of the 6-well plate 302
proximal the well 303 with the sample being imaged. The high power fluorescence illumination
source 320 is directed to the center of the well 303. Each high power fluorescence illumination
source 320 includes a high-power light source (e.g. LED) 321 and an excitation filter 322. The
excitation filter 322 passes excitation light of the first range of wavelengths and blocks other
wavelengths. During the fluorescence imaging method, the high-power light sources (e.g. LED)
321 of the MWB system 300 are turned on and the MWB system 300 can acquire a fluorescence
image of each sample in the six wells 303. The first fluorescence image is based on emissions

collected from fluorophores in the sample activated by the first range of wavelengths.
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[0102] FIG. 3B is a schematic drawing of a plan view of components an MWB system 400,
according to a dual band embodiment. The illustrated MWB system 400 comprises six (6) of the
same imaging devices arranged within a body 401 to be able to image samples in all six wells
403 in the 6-well plate 402 loaded on top of the body 401. Each of the imaging devices includes
a first high power fluorescence illumination source 420 for providing excitation light of a first
range of wavelengths and a second high power fluorescence illumination source 430 for
providing excitation light of a second range of wavelengths. The high power fluorescence
illumination sources 420 and high power fluorescence illumination sources 430 are installed to
provide the excitation light from the side of the 6-well plate 402 proximal the well 403 with the
sample being imaged. The high power fluorescence illumination source 420 and high power
fluorescence illumination source 430 are oriented to direct excitation light to the center of the
well 403. Each first high power fluorescence illumination source 420 includes a high-power
light source (e.g. LED) 421 and a first excitation filter 422. Each second high power
fluorescence illumination source 430 includes a high-power light source (e.g. LED) 431 and a
second excitation filter 432. The first excitation filter 422 passes excitation light of the first
range of wavelengths and blocks other wavelengths. The second excitation filter 432 passes
excitation light of the second range of wavelengths and blocks other wavelengths. In this
example, the imaging devices of the MWB system 400 has a dual band emission filter (not
shown) between the objectives. The dual band emission filter (not shown) between the
objectives blocks excitation light of a first range of wavelengths and a second range of
wavelengths. During the fluorescence imaging method, the high-power light sources (e.g. LEDs)
421 of the MWB system 400 are turned on and the image sensor of each imaging device acquires
a first monochromic fluorescence image of the sample in the corresponding well. The first
fluorescence image based on emissions from fluorophores in the sample activated by the first
range of wavelengths. At another time during the fluorescence imaging process, the high-power
light sources (e.g. LEDs) 431 of the MWB system 400 are turned on and the image sensor of
each imaging device acquires a second monochromic fluorescence image of the sample in the
corresponding well. The second fluorescence image is based on emissions from fluorophores in
the sample activated by the second range of wavelengths. The MWB system 400 use a processor

to convert the first and second monochromic fluorescence images into first and second color
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fluorescence images and overlay the data from the first and second fluorescence images to

generate a dual-color fluorescence image.

[0103] FIG. 4A is a schematic drawing of an MWB system 500, according to a dual band
embodiment. Some of the components of the MWB system 500 are similar to those described
with respect to FIG. 3B. The illustrated MWB system 500 is comprised of six (6) of the same
imaging devices 501 arranged within a single body 502 to be able to image samples in all six
wells in the 6-well plate. FIG. 4B is a schematic drawing of some the components of MWB
system 500 shown in FIG. 4A, according to an embodiment. In this drawing some of the
components are illustrated as being transparent to view inner components. The MWB system
500 includes an electrical connection 505 in the form of a ribbon cable bewteen the variable

illumiantion source and a processor.

[0104] Each of the imaging devices 501 includes a first high power fluorescence illumination
source 520 for providing excitation light of a first range of wavelengths and a second high power
fluorescence illumination source 530 for providing excitation light of a second range of
wavelengths. The high power fluorescence illumination sources 520 and high power
fluorescence illumination sources 530 are installed to provide the excitation light from the side of
well with the sample being imaged. The high-power fluorescence illumination sources 520 and
530 are positioned at an angle from the plane at the bottom inner surface of the well. The angle
is out of the numerical aperture (NA) of the first objective lens to prevent the acceptance of the
powerful unscattered excitation light. The high power fluorescence illumination source 520 and
high power fluorescence illumination source 530 are oriented to direct excitation light generally
to the center of the well. Each high power fluorescence illumination source 520 includes one or
more high-power light sources (e.g. LEDs) and a first excitation filter. Each high power
fluorescence illumination source 530 includes one or more high-power light sources (e.g. LEDs)
and an excitation filter. The first excitation filter passes excitation light of the first range of
wavelengths and blocks other wavelengths. The second excitation filter passes excitation light of
the second range of wavelengths and blocks other wavelengths. In this example, the imaging
devices of the MWB system 500 has a dual band emission filter (not shown) between the
objectives of each imaging device. The dual band emission filter (not shown) between the

objectives blocks excitation light of a first range of wavelengths and a second range of
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wavelengths. During the fluorescence imaging method, the high-power light sources (e.g. LEDs)
of the first high-power fluorescence illumination sources 520 are turned on and the image sensor
can acquire a first fluorescence image of each sample in the six wells. The first fluorescence
image based on emissions from fluorophores in the sample activated by the first range of
wavelengths. At another time during the fluorescence imaging method, the high-power light
sources (e.g. LEDs) of the second high-power fluorescence illumination sources 530 are turned
on and the image sensor can acquire a second fluorescence image of each sample in the six wells.
The second fluorescence image is based on emissions from fluorophores in the sample activated
by the second range of wavelengths. The MWB system 500 can use a processor to convert the
first and second monochromic fluorescence images into first and second color fluorescence
images and overlay the data from the first and second color fluorescence images to generate a

dual-color fluorescence image.

[0105] The MWB system 500 also includes a circuit board or other dielectric substrate 503
with a controller 504. The variable illumination source can be electrically and physically
coupled onto or into the circuit board 503. Conductive leads of the variable illumination source
can be electrically coupled with the controller 504 via conductive traces printed or otherwise
deposited on a first or upper surface of the circuit board 503 while the light-emitting portions of
the variable illumination source can be oriented so as to radiate light away from a second or
lower surface of the circuit board 503 toward optical system. In the illustrated implementation,
the controller 504 is mounted on the same circuit board 503 as the variable illumination source.
In some other implementations, the controller 504 can be mounted onto a separate circuit board

that is electrically coupled with the circuit board 503.

[0106] FIG. 5 is a photograph of an MWB system 550, according to an embodiment. The
MWB system 550 is shown located in an incubator such as the incubator 12 shown in FIG.1.
The MWB system 600 has a body and a variable illumination source in the form of an LED
matrix located at a distance above the 6-well plate. The MWB system 550 includes electrical
connectors between the high-power LED module and a processor and/or a power supply. The
size of the MWB system 550 is 125 mm (Wide) x 133 mm (Long) x 170 mm (Height) including
a 6-well plate and high-power LED module. In the illustrated example, the body was 3-D
printed using a Makerbot 3D printer.
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[0107] Certain components of the MWB systems are in electronic communication with other
components and/or with one or more processors. The electronic communication between these
various components may be in wired and/or wireless form. For example, FIG. 4A shows an
electrical connection 505 in the form of a ribbon cable to the variable illumiantion source 110 of

the MWB system 500.

[0108] According to certain aspects, an incubator system or an MWB system includes one or
more processors and one or more computer readable medium (CRM). In some cases, a display
is also included. For example, FIG. 2D shows an MWB system 100 having a processor 180, a
computer readable medium (CRM) 184, and an optional (denoted by dotted line) display 182.
The processor(s) is an electronic communication with the CRM(s) and optionally with the
variable illumination source and/or the high power fluorescence illumination source(s) to send
control signals. For example, control signals may be sent to the variable illumination source and
the image sensor to synchronize the sequential illumination with the exposure (sampling) times

of the image sensor.

[0109] The CRM(s) is in electronic communication with the processor to store and retrieve
data. The optional display is an electronic communication with the processor receive display
data for displaying images and other data. In one aspect, the processor, optional display and
CRM are components of a computing device such as, for example, a smartphone, laptop,
desktop, tablet, and the like. Although a single processor and single CRM are described with

respect to illustrated examples, multiple processors and/or multiple CRM can be used.

[0110] The processor(s) (e.g., microprocessor) receives instructions stored on the CRM and
executes those instructions to perform one or more functions of one or more MWB systems
and/or an incubator sytem. Example processors include, for example, one or more of a general
purpose processor (CPU), an application-specific integrated circuit (ASIC), an programmable
logic device (PLD) such as a field-programmable gate array (FPGA), or a System-on-Chip (SoC)
that includes one or more of a CPU, ASIC, PLD as well as a memory and various interfaces.

The processor is configured to receive the image data from the image sensor. In one example,
the processor executes instructions to perform operations of the FP reconstruction process and/or
other operations of the FP imaging method. In another example, the processor executes

instructions stored on the CRM to send control signals to the variable illumination source to
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sequentially illuminating discrete light elements for sequential illumination and/or executes
instructions stored on the CRM to send control signals to the image sensor to measure intensity
over an exposure duration to acquire raw intensity measurements (images). In another example,
the processor executes instructions stored on the CRM to perform one or more other functions of
the system such as, for example, 1) interpreting image data from the sequence of acquired
intensity images, 2) reconstructing a higher resolution image from the data from the sequence of
acquired intensity images, 3) generating a fluorescence image, 4) generating a dual band
fluorescence image by overlaying a first fluorescence image associated with a first range of
wavelengths with a second fluorescence associated with a second range of wavelengths and/or 5)

displaying one or more images or other output on a display.

[0111] In one aspect, the processor(s) is part of a controller that sends signals with control
instructions to component(s) of one or more MWB systems to perform one or more functions of
the system(s). In one case, the controller can also control power component(s) of one or more
MWB systems. In one example, a controller controls the operations of the variable illumination
source, fluorescence illumination sources, and/or image sensors. In one case, the controller
controls the sequential illumination of light sources in the variable illumination source, for
example, by selectively powering on or otherwise allowing only particular ones or subsets of the
light sources to form various illumination patterns at particular times and for particular durations
during various image acquisitions. The controller also is in communication with at least one
internal memory device. The internal memory device can include a non-volatile memory array
for storing processor-executable code (or “instructions”) that is retrieved by the processor to
perform various functions or operations described herein for carrying out various operations on
the image data or other functions of the MWB systems. The internal memory device also can
store raw and/or processed image data (including FP-reconstructed images and raw intensity
images). In some implementations, the internal memory device or a separate memory device can
additionally or alternatively include a volatile memory array for temporarily storing instructions
to be executed as well as image data to be processed, stored, or displayed. In some
implementations, the controller itself can include volatile and in some instances also non-volatile

memory.
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[0112] The MWB system generally implements one or more processors configured to receive
image data from the image sensor(s). In some implementations, the processor executes
instructions stored on the CRM to perform one or more processing operations such as FP
imaging processes to generate high resolution images, refocus images, and/or for aberration
correction. In some implementations, the one or more processors are configured or configurable
by a user to output raw image data or processed image over a communication interface (e.g.,
ribbon cable 505 in FIGS. 4A and 4B) to an external computing device or system 118. Indeed in
some implementations, one or more of the operations of the MWB system can be performed by
such an external computing device. In some implementations, the processor(s) also can be
configured or configurable by a user to output raw image data as well as processed image data
over a communication interface for storage in an external memory device or system. The
network communication interface also can be used to receive information such as software or
firmware updates or other data for download. In some implementations, a MWB system further
includes one or more other interfaces such as, for example, various Universal Serial Bus (USB)
interfaces or other communication interfaces. Such additional interfaces can be used, for
example, to connect various peripherals and input/output (I/O) devices such as a wired keyboard
or mouse or to connect a dongle for use in wirelessly connecting various wireless-enabled
peripherals. Such additional interfaces also can include serial interfaces such as, for example, an
interface to connect to a ribbon cable. It should also be appreciated that one or more of the
components of teth MWB system can be electrically coupled to communicate with the controller
over one or more of a variety of suitable interfaces and cables such as, for example, USB

interfaces and cables, ribbon cables, Ethernet cables, among other suitable interfaces and cables.

[0113] The data signals output by the image sensors may be, in some implementations,
mutliplexed, serialized or otherwise combined by a multiplexer, serializer or other electrical
component of the image sensors before being communicated to the processor(s). In such
implementations, the processor(s) can further include a demultiplexer, deserializer or other
device or component for separating the image data from each of the image sensors so that the
image frames (intensity distribution measurements) for each of the sample wells can be

processed in parallel.
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[0114] The CRM(s) (e.g., memory) can store instructions for performing certain functions of
one or more MWB systems and/or an incubator sytem. These instructions are executable by a
processor. The CRM can also store sequences of (lower resolution) intensity measurements,

fluorescence images, and other data associated with the imaging method.

[0115] The optional display is in electronic communication with the processor to receive
display data for displaying on the display to, for example, an operator of the incubator system.

Typically the display is a color display.

[0116] Although MWB systems are described in many examples as being implemented in an
incubator, MWB systems can be implemented in other environments as well. In one aspect, an
MWB system can be implemented in a clean room. In another aspect, an MWB system can be

implemented in a manufacturing setting.

111K Imaging methods for Fourier ptychographic (FP) bright-field imaging and

fluorescence imaging

[0117] The MWB system implements an imaging method that can both use FP techniques to
generate an improved resolution bright-field image of each of the samples in a multi-well plate
(FP imaging process) and generate a fluorescence image of each sample (fluorescence imaging

process).

[0118] The FP imaging process typically comprises a raw image acquisition (data collection)
process and an FP reconstruction process. During the FP image acquisition process, the image
sensor acquires 7 uniquely illuminated intensity bright field images while the variable
illumination source provides plane wave illumination from » different illumination angles. At
each image acquisition (sample) time, the image sensor acquires a uniquely illuminated intensity
image associated with a single illumination angle. During the FP image acquisition process,
each light element (e.g., one or more LEDs) in an illumination sequence will turn on and the
image sensor will record an intensity distribution from light passing through the sample to
acquire and save a sequence of intensity images associated with the » different illumination
angles (i.e., uniquely illuminated intensity images). The low resolution images are combined
using a FP reconstruction process to generate a high resolution complex image of the sample.

Details of an example of an FP reconstruction process are described in (. Zheng, R Horstmeyer,
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and C. Yang, “Wide-field, high-resolution Fourier ptychographic microscopy,” Nature

Photonics (2013), which is hereby incorporated by reference in its entirety.

[0119] During the image acquisition process, the sample is illuminated by a sequence of n
illumination angles using a variable illumination source. During the image acquisition process,
the optical system filters lights passing through a sample from the variable illumination source
and acquires n uniquely illuminated intensity images. During the FP reconstruction process, the
n intensity images are iteratively combined in the Fourier domain to generate higher-resolution
image data. At each iteration, a filter is applied in the Fourier domain for a particular plane wave
incidence angle, an inverse Fourier transform is applied to generate a lower resolution image, the
intensity of the lower resolution image is replaced with an intensity measurement, a Fourier

transform is applied, and the corresponding region in Fourier space is updated.

[0120] The reconstruction process includes a phase retrieval technique that uses angular
diversity to recover complex sample images. The recovery process alternates enforcement of
known image data acquired in the spatial domain and a fixed constraint in the Fourier domain.
This phase retrieval recovery can be implemented using, for example, an alternating projections
procedure, a convex reformulation of the problem, or any non-convex variant in-between.
Instead of needing to translate a sample laterally by mechanical means, the reconstruction
process varies the spectrum constraint in the Fourier domain to expand the Fourier passband

beyond that of a single captured image to recover a higher-resolution sample image.

[0121] In one aspect, the FP imaging process includes an aberration correction process such as
re-focusing (propagating) process. A refocusing process may be useful where the sample was
placed at a sample plane at z = zy where the in-focus plane of the optical element is located at
position z=0. In other words, the image captured of the sample is not the image at the sample
plane, but is the sample profile propagated by a distance of - z, from the in-focus plane of the
optical element. In these cases, the FP imaging process re-focuses the sample by propagating the
image data by the z, distance back to the sample plane, without having to mechanically move the
sample in the z-direction. The re-focusing (propagating) step(s) can be performed by

multiplying a phase factor in Fourier space.

[0122] In one multiplexing embodiment, multiple light elements (LEDs) can be turned on at

the same time in a unique pattern during the capture of each raw image (measurement of
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intensity distribution over an exposure duration). Using a multiplexing process, intensity data
associated with each illumination angle can be separated from the raw image captured. An
example of a multiplexing process can be found in U.S. patent application number 14/960,252
titled “MULTIPLEXED FOURIER PTYCHOGRAPHY IMAGING SYSTEMS AND
METHODS?” filed on December 4, 2015, which is hereby incorporated by reference in its

entirety.

[0123] The fluorescence imaging process comprises generating a fluorescence image for each
fluorescence illumination at a unique range of wavelengths. During the fluorescence imaging
process, a high power fluorescence illumination source is turned on and a monochromic
fluorescence image is acquired by the image sensor. A processor can generate a color
fluorescence image using the image data from the monochromic fluorescence image. In a multi-
band, multichannel embodiment, each of the high power fluorescence illumination sources is
turned on separately and a separate monochromic fluorescent image is acquired for each
fluorescence illumination. In this case, the fluorescence imaging process further includes
implementing instructions to overlap the multiple color fluorescence images to generate a single

multicolor fluorescence image.

[0124] The Fourier ptychographic reconstruction process requires accurate illumination
direction information associated with FP sequential illumination of the variable illumination
source in order to stitch together the raw intensity images into the correct locations in the spatial
frequency domain. Because the body of the MWB system is separate from the variable
illumination source, there needs to be a calibration process to calibrate the light element
positions relative to the image sensor for accurate FP reconstruction. This calibration process is
needed when the MWB system is positioned or re-repositioned with respect to the image sensor
such as, for example, when the MWB system is installed in an incubator having an LED matrix

installed in a horizontal shelf above the MWB system.

[0125] FIG. 6 is a flowchart 600 depicting operations of a calibration process for calibrating
the positions of the discrete light elements (LEDs) of the variable illumination source relative to
each of the image sensors, according to embodiments. This calibration process is used when the

MWRB system is positioned or repositioned relative to the variable illumination source.
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[0126] At operation 621, a central light element (e.g. LED) of the variable illumination source
is illuminated. For example, if a variable illumination source is shared among multiple MWB
systems, light elements within an area of the variable illumination source provide FP
illumination to a particular MWB system. In this case, the central light element of the area used
to provide FP illumination is illuminated. If a single variable illumination source is used to
provide FP illumination for the MWB system, the central light element of the variable
illumination source is illuminated. A central light element is the LED which located most
closely to the center of the objective lens. In this case, illuminate one LED which makes
brightest image from the image sensor. There is only one LED position which makes brightest
image. That LED is the central light element for the image sensor. The operations are carried

out for each image sensor.

[0127] In one embodiment, the calibration process determines the central light element by
turning on light elements sequentially and capturing an image for each light element
illumination. The highest intensity image is determined from the multiple images captured. The
central light element is determined based on the highest intensity image captured during the

illumination by the multiple light elements.

[0128] At operation 622, the image sensor captures a vignette monochromic image during
illumination by the central light element (e.g., LED). The image is converted to black and white.
If there is a misalignment between the light element and the image sensor, the center of the
image is shifted from the center of the image sensor. At operation 623, the center of the image is
determined. At operation 624, the shift of the center of the image is measured in the x-direction
(x-shift) and the y-direction (y-shift). At operation 625, the displacement of the central light
element is determined based on the x-shift and y-shift of the image using a lookup table/plot.
The lookup table/plot provides different displacements of the central light element associated
with different values of x-shift and y-shift. Once the displacement of the central light element is
determined from the lookup table/plot, the illumination angles associated with the light elements
in the variable illumination source can be determined based on the geometry of the variable
illumination source. At operation 626, the n illumination angles associated with the FP

illumination is determined using the displacement of the central light element.
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[0129] FIG. 7A is a monochrome vignette image captured during illumination by a central
LED of an LED matrix, according to an embodiment. FIG. 7B is a converted black and white
version of the image of FIG. 7A. In this example, the center 722 of the black and white image is
located at the same location as the center 723 of the image sensor and the LED position is well
aligned with the imaging sensor of the CMOS camera. FIG. 7C is an image captured during
illumination by a center LED of an LED matrix, according to another embodiment. In this case,
there is a misalignment between the central LED and the image sensor. As shown, there is a
shift between the center 732 of the image and the center 723 of the image sensor. In this case,
there is a shift in the x direction (pixel shift X) and a shift in the y direction (pixel shift Y). FIG.
7D is a lookup plot of LED displacement associated with x-shift and y-shift of the center 732 of
the image with respect to the center 723 of the image sensor, according to an embodiment. In
this example, the lookup table was made by moving the LED matrix relative to the image sensor
by known amounts and determining different shifts of the center of the image associated with the

LED displacement.

[0130] FIG. 8 is a flowchart 800 depicting operations of an imaging method implemented by
each of one or more imaging devices of an MWB system, according to embodiments. Multiple
imaging devices of the MWB system can perform the imaging method in parallel. In one aspect,
the imaging method begins its first imaging run with an optional operation (denoted by the
dotted line) of calibrating the positions of the variable illumination source with the image sensors
of the MWB system. An example of a calibration process is described respect to the flowchart
600 in FIG. 6. The imaging method performs a fluorescence imaging process and/or a FP high
resolution bright field imaging process. The imaging method is repeated, for example, on a
periodic basis. In one aspect, each run of an imaging method includes a fluorescence imaging

process and a FP high resolution bright field imaging process.

[0131] If a fluorescence imaging process is performed, the imaging method proceeds to
operation 830. At operation 830, a first high power fluorescence illumination source provides
excitation light of a first range of wavelengths. The first high power fluorescence illumination
source includes a high power light source (e.g. high-power LEDs) and excitation filter for
passing excitation light of the first range of wavelengths and blocking other wavelengths. The

excitation light of the first range of wavelengths is directed to the center of the sample.
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Fluorophore in the sample are activated by the excitation light and emit light (emissions) of
another range of wavelengths (e.g., blue, green or red light). Since the excitation light is stronger
than the emissions, the first high power fluorescence illumination source is facing directly

toward the first collection objective of the optical system of the MWB system.

[0132] At operation 8385, the first collection objective receives light issuing from the sample.
An emission filter between the first collection objective and the second focusing objective blocks
out any excitation light of the first range of wavelengths and passes the emissions to the second
collection objective. The second collection objective receives the emissions and focuses to the
image sensor of the MWB system. At operation 840, the image sensor receives the emissions
from the second collection objective during fluorescence illumination by the first high power
fluorescence illumination source and acquires a monochromic fluorescence intensity image. The
image data of the monochromic fluorescence image can be converted into a color fluorescence

image.

[0133] For multi-band, multichannel embodiments, operations 830, 835 and 840 are repeated
for each band. For a dual band embodiment, for example, a second high power fluorescence
illumination source provides excitation light of a second range of wavelengths (operation 830).
The second high power fluorescence illumination source includes a high power light source (e.g.
high-power LEDs) and excitation filter for passing excitation light of the second range of
wavelengths and blocking other wavelengths. The first collection objective receives light issuing
from the sample (operation 835). In the dual band embodiment, the emission filter is a dual band
filter that blocks out excitation light of the first range of wavelengths and the second range of
wavelengths. In this case, the dual band emission filter blocks out excitation light of the second
range of wavelengths and passes emissions to the second collection objective. The second
collection objective receives the emissions and focuses to the image sensor of the MWB system.
The image sensor receives the emissions from the second collection objective during
fluorescence illumination by the second high power fluorescence illumination source and

acquires a second monochromic fluorescence intensity image (operation 840).

[0134] The imaging method performs optional (denoted by dotted line) operation 845 for
multi-band, multichannel embodiments. In multi-band, multichannel embodiments, multiple

color fluorescence images can are overlaid to generate a multi-color fluorescence image. In one
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aspect, after operation 845, the imaging method may further comprise sending a signal with
display data from the processor to a display to display the color fluorescence image or other data
on the display before repeating. After operation 845, the imaging method repeats to perform a

fluorescence imaging process or a FP high resolution bright field imaging process.

[0135] If the FP imaging process is performed, the imaging method proceeds to operation 860.
The FP imaging process generally comprises an image acquisition process (operations 660, 670,

and 680) and a FP reconstruction process (step 690).

[0136] At operation 860, a variable illumination source sequentially illuminates the sample
with plane wave illumination at » illumination angles. In one aspect, the variable illumination
source provides sequential illumination based on illumination instructions that define the order of

illuminated light elements (LEDs).

[0137] At operation 870, the optical system collects light issuing from the sample and
propagates it to the image sensor. The first objective of the optical system collects light passing
through the sample from the variable illumination source. In some cases, the illumination from
the variable illumination source is of a range of wavelengths that will be passed by the emission
filter between the first objective and the second objective. In these cases, the emission filter does
not need to be removed during the FP imaging process. The second objective receives light
emission filter and focuses it to the image sensor. The first objective of the optical system
receives light passing through the sample from the variable illumination source during FP
illumination. The first objective accepts (filters) light at a range of angles with its numerical
aperture. In Fourier space, the filtering function of a first objective is represented by a circular
pupil with radius of NA x kg, where ky = 2n/A is the wave number in vacuum. The FP imaging
process updates in Fourier space circular regions defined by this filtering function of the first

objective and the » illumination angles.

[0138] At operation 880, the image sensor receives light propagated by the optical system.
During FP sequential illumination by # illumination angles, the image sensor acquires # uniquely
illuminated intensity measurements (images) associated with different illumination angles. The
image sensor measures an intensity distribution during an exposure time to acquire an intensity
measurement (image). A process of the MWB system receives signal(s) with the data from the n

uniquely illuminated intensity measurements (images).
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[0139] At operation 890, a processor of the MWB system using the imaging method to
reconstruct an improved resolution image by iteratively updating regions in Fourier space with
the » uniquely illuminated intensity measurements (images). The processor reconstructs the
improved resolution image using an FP reconstruction process. Two examples of FP
reconstruction processes are discussed in detail with respect to respect to FIG. 9 and FIG. 10. In
one aspect, after operation 890, the imaging method may further comprise sending image data
from the processor to a display to display the high resolution bright field image or other data on
the display before repeating. After operation 890, the imaging method repeats to perform a

fluorescence imaging process or a FP high resolution bright field imaging process.

[0140] In one aspect, the processor generates a combined fluorescence and high resolution
bright-field image of the sample by overlaying a fluorescence image generated by the
fluorescence imaging process and a high resolution bright-field image generated by the FP
imaging process. In another aspect, the processor generates a combined fluorescence and low
resolution bright-field image of the sample by overlaying a fluorescence image generated by the
fluorescence imaging process and a low resolution bright-field image captured during the
acquisition process of the FP imaging process. In another aspect, the processor generates a high

resolution phase image of the sample based on phase data in the FP imaging process.

[0141] In one aspect, the MWB system can implement the imaging method for time-lapse
imaging or other long term imaging. For example, the imaging method can repeat each run at
intervals such as, for example, one hour intervals, two hour intervals, one day intervals, etc. The
imaging method can continue repeating each imaging run at intervals for a set period of time
(e.g., one week, two weeks, one month, two months, etc.) or can run until an operator stops the
imaging method. While this long term imaging continues, the MWB system can be located

within an incubator.
- FP Reconstruction Process

[0142] Certain details of the FP reconstruction process can be found in Zheng, Guoan,
Horstmeyer, Roarke, and Yang, Changhuei, “Wide-field, high-resolution Fourier ptychographic
microscopy,” Nature Photonics vol. 7, pp. 739-745 (2013) and in U.S. Patent Application
14/065,280, titled “Fourier Ptychographic Imaging Systems, Devices, and Methods” and filed on

October 28, 2013. During the FP reconstruction process, overlapping regions in the Fourier
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domain are iteratively updated with lower resolution intensity image data to generate an

improved resolution image.

[0143] FIG. 9 is a flowchart of a FP reconstruction process, according to an embodiment.
Using this FP reconstruction process, an improved resolution image of the sample is
reconstructed from » low-resolution intensity distribution measurements, 7, (K, kyi) (indexed by
their illumination wavevector, k., k,, with i =1, 2...n) such as the n raw intensity images acquired

during operations 860, 870, and 880 of FIG. 8.

[0144] At 901, a high-resolution image: /I, e?* is initialized in the spatial domain, and a
Fourier transform is applied to the initial value to obtain an initialized Fourier transformed
image I}, using a processor of the MWB system. The initialized high-resolution solution may be
an initial guess. This initial guess may be determined based on the assumption that the sample is
located at the out-of-focus plane z = zy. In some cases, the initial guess may be determined as a
random complex matrix (for both intensity and phase). In other cases, the initial guess may be
determined as an interpolation of the low-resolution intensity measurement with a random phase.
An example of an initial guess is ¢ = 0 and /; interpolated from any low-resolution image of the
sample area. Another example of an initial guess is a constant value. The Fourier transform of

the initial guess can be a broad spectrum in the Fourier domain.

[0145] In the iterative operations of 910, 920, 930, 940, 950, 960, and 970, the high-resolution
image of the sample is reconstructed by iteratively combining low-resolution intensity
measurements in Fourier space using the processor of the MWB system. Optional operations

920 and 940 may be performed if the sample is out-of-focus by the amount of zy.

[0146] At 910, the processor performs low-pass filtering of the high-resolution image

I,e"?hin the Fourier domain to generate a low-resolution image \/I_l e'®! for a particular plane
wave incidence angle (t 0. Gyi) with a wave vector (kxi, kyi). The Fourier transform of the high-
resolution image is I,and the Fourier transform of the low-resolution image for a particular plane
wave incidence angle is [;. In the Fourier domain, the reconstruction process filters a low-pass
region from the spectrum [, of the high-resolution image /I,e?". The low-pass region is a

circular aperture with a radius of N4 *ky, where ky equals 27/ (the wave number in vacuum),

given by the coherent transfer function of the first objective lens of the MWB system. In Fourier
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space, the location of the region corresponds to the illumination angle during the current

iteration. For an oblique plane wave incidence with a wave vector (k,, kyi), the region is centered

about a position (-’ ,-k,') in the Fourier domain of \/I,,e#".

[0147] At optional operation 920, using the processor, the low-resolution image, \/I—l e®lis
propagated in the Fourier domain to the in-focus plane at z = 0 to determine the low-resolution
image at the focused position: Ilfei‘plf . In one embodiment, operation 920 is performed by
Fourier transforming the low-resolution image \/I_l e'?! multiplying by a phase factor in the
Fourier domain, and inverse Fourier transforming to obtain /I, fei‘plf . In another embodiment,
operation 920 is performed by the mathematically equivalent operation of convolving the low-
resolution image \/I_l e'®t with the point-spread-function for the defocus. In another embodiment,

operation 920 is performed as an optional sub-operation of operation 910 by multiplying I, by a

phase factor in the Fourier domain before performing the inverse Fourier transform to produce
Vi fei“’lf . Optional operation 920 need not be included if the sample is located at the in-focus

plane (z = 0).

[0148] At operation 930, using the processor, the computed amplitude component ,/I;¢ of the
low-resolution image at the in-focus plane,,//; fei“’lf , 1s replaced with the square root of the low-
resolution intensity measurement ,//; s, measured by the light detector of the MWB system.

This forms an updated low resolution target: ./ Ilfmei‘plf .

[0149] At optional operation 940, using the processor, the updated low-resolution image
\/meifplf may be back-propagated to the sample plane (z = z) to determine /I;;*?is.

Optional operation 940 need not be included if the sample is located at the in-focus plane, that is,
where zo= 0. In one embodiment, operation 940 is performed by taking the Fourier transform of
the updated low-resolution image \/mei“”f and multiplying in the Fourier space by a phase
factor, and then inverse Fourier transforming it. In another embodiment, operation 940 is
performed by convolving the updated low-resolution image mei“”f with the point-spread-

function of the defocus. In another embodiment, operation 940 is performed as a sub-operation
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of operation 950 by multiplying by a phase factor after performing the Fourier transform onto the

updated target image.

[0150] At operation 950, using the processor, a Fourier transform is applied to the updated
target image propagated to the sample plane: /I,5e*?s, and this data is updated in the

corresponding region of high-resolution solution ,/I,e#* in the Fourier space corresponding to

the corresponding to the incidence wave vector (&, kyi).

[0151] At operation 960, the processor determines whether operations 1510 through 1560 have
been completed for all #» uniquely illuminated low resolution intensity images. If operations
1510 through 1560 have not been completed for all the images, operations 1510 through 1560

are repeated for the next image.

[0152] At operation 970, the processor determines whether the high-resolution solution has
converged. In one example, the processor determines whether the high-resolution solution
converged to a self-consistent solution. In one case, the processor compares the previous high-
resolution solution of the previous iteration or initial guess to the present high-resolution
solution, and if the difference is less than a certain value, the solution is determined to have
converged to a self-consistent solution. If the processor determines that the solution has not
converged at operation 970, then operations 910 through 960 are repeated. In one embodiment,
operations 910 through 960 are repeated once. In other embodiments, operations 910 through
960 are repeated twice or more. If the solution has converged, the processor transforms the

converged solution in Fourier space to the spatial domain to recover the improved resolution

image /I,e*?h and the FP reconstruction process ends.

[0153] FIG. 10 s a flowchart of a FP reconstruction process, according to an embodiment.
Using this FP reconstruction process, an improved resolution image of the sample is
reconstructed from 7 low-resolution intensity distribution measurements, 7, (K5, k) (indexed by
their illumination wavevector, k., kyi, with i =1, 2,... 1) such as the n raw intensity images

acquired during operations 860, 870, and 880 of FIG. 8.

[0154] In this example, the FP reconstruction process includes digital wavefront correction.
The FP reconstruction process incorporates digital wavefront compensation in the two

multiplication operations 1005 and 1045. Specifically, operation 1005 models the connection
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between the actual sample profile and the captured intensity data (with includes aberrations)
through multiplication with a pupil function: el @ (kxky) by the processor. Operation 1045 inverts
such a connection to achieve an aberration-free reconstructed image. Sample defocus is
essentially equivalent to introducing a defocus phase factor to the pupil plane (i.e., a defocus

aberration):

. ] A)2—kZ—kZ:
eiliky) = gNETDTIETTR 42 442 o (N4 2m/2)? (Eqn. 1)

where k. and £, are the wavenumbers at the pupil plane, z, is the defocus distance, and NA is the

numerical aperture of the first objective.

[0155] At 1001, a high-resolution image: 1/ I,€"?" is initialized in the spatial domain, and a
Fourier transform is applied to the initial value to obtain an initialized Fourier transformed

image I,,. The initialized high-resolution solution may be an initial guess. In some aspects, the
initial guess is determined based on the assumption that the sample is located at the out-of-focus
plane z = zy. In some cases, the initial guess is determined as a random complex matrix (for both
intensity and phase). In other cases, the initial guess is determined as an interpolation of the low-
resolution intensity measurement with a random phase. An example of an initial guessis @ =0
and /, interpolated from any low-resolution image of the sample area. Another example of an
initial guess is a constant value. The Fourier transform of the initial guess can be a broad

spectrum in the Fourier domain.

[0156] In the iterative operations of 1005, 1010, 1030, 1045, 1050, 1060, and 1070, the high-
resolution image of the sample is computationally reconstructed by iteratively combining low-

resolution intensity measurements in Fourier space using a processor of the MWB system.

[0157] At operation 1005, the processor multiplies by a phase factor el ®(kxky) in Fourier

domain.

[0158] At operation 1010, the processor performs low-pass filtering of the high-resolution
image +/I,,e*hin the Fourier domain to generate a low-resolution image \/I_l et for a particular
plane wave incidence angle (6, 0,) with a wave vector (k, k). The Fourier transform of the

high-resolution image is /,and the Fourier transform of the low-resolution image for a particular
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plane wave incidence angle is [;. In the Fourier domain, the process filters a low-pass region
from the spectrum I, of the high-resolution image /1,e?». This region is a circular aperture
with a radius of NA *ky, where ky equals 27/4 (the wave number in vacuum), given by the
coherent transfer function of the first objective lens. In Fourier space, the location of the region

corresponds to the incidence angle. For an oblique plane wave incidence with a wave vector (ky,

k), the region is centered about a position (-4’ ,-k,) in the Fourier domain of \/I,,e*#".

[0159] At operation 1030, using the processor, the computed amplitude component ,//;¢ of the
low-resolution image at the in-focus plane,,//; fei“’lf , 1s replaced with the square root of the low-
resolution intensity measurement ,//; s, measured by the light detector of the MWB system.

This forms an updated low resolution target: ./ Ilfmei‘plf .

[0160] At operation 1045, the processor multiplies by an inverse phase factor e to(keky) jn

Fourier domain.

[0161] At operation 1050, using the processor, a Fourier transform is applied to the updated
target image propagated to the sample plane: /I,;e‘?!s, and this data is updated in the

corresponding region of high-resolution solution /I,e“?" in the Fourier space corresponding to

the corresponding to the incidence wave vector (ky, k).

[0162] At operation 1060, the processor determines whether operations 1005 through 1050
have been completed for all 7 uniquely illuminated low resolution intensity images. If
operations 1005 through 1050 have not been completed for all for all # uniquely illuminated low

resolution intensity images, operations 1005 through 1050 are repeated for the next image.

[0163] At operation 1070, the processor determines whether the high-resolution solution has
converged. In one example, the processor determines whether the high-resolution solution has
converged to a self-consistent solution. In one case, the processor compares the previous high-
resolution solution of the previous iteration or initial guess to the present high-resolution
solution, and if the difference is less than a certain value, the solution has converged to a self-
consistent solution. If processor determines that the solution has not converged, then operations
1005 through 1070 are repeated. In one embodiment, operations 1005 through 1070 are repeated

once. In other embodiments, operations 1005 through 1070 are repeated twice or more. If the
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solution has converged, the processor transforms the converged solution in Fourier space to the
spatial domain to recover the high-resolution image /1,e?" and the FP reconstruction process

ends.

[0164] In certain aspects, the neighboring regions in Fourier space, which are iteratively
updated for each image, overlap each other. In the overlapping area between updated
overlapping regions, the MWB system has multiple samplings over the same Fourier space. In
one aspect, the overlapping area between neighboring regions has an area that is between 2% to
99.5% of the area of one of the neighboring regions. In another aspect, the overlapping area
between neighboring regions has an area that is between 65% to 75% of the area of one of the
neighboring regions. In another aspect, the overlapping area between neighboring regions has an

area that is about 65% of the area of one of the neighboring regions.
Iv. MWRB system demonstrations

[0165] FIG. 11A is an image of a USAF target taken with a conventional microscope having a
4X/NA 0.1 objective with planar illumination. FIG. 11B is a raw intensity image of the USAF
target taken by an MWB system having a 1:1 imaging configuration, according to an
embodiment. This raw intensity image was based on a center LED illumination (i.e. LED
located above the center of the USAF target). The smallest resolvable feature is group 7,
element 5 (line width of 2.46 pm) in both cases. This indicates that the MWB system has the full
field-of-view provided by the numerical aperture of the first objective lens in the 1:1 imaging

configuration.

[0166] FIG. 11C includes a high resolution bright field image 1102 of a USAF target
generated by an FP imaging process implemented by the MWB system, according to an
embodiment. The high resolution image was generated by combining data from 169 raw images
(n =169) acquired during image acquisition of the FP construction process. The 169 raw images
were acquired by sequentially illuminating 169 different LEDs of an LED matrix. Using the FP
construction process with 169 raw images, the synthetic NA of the MWB system was 0.42 and
the resolution of the MWB system was increased by four times, resolving the feature of group 9,
element 5 (line width of 0.62 pm). FIG. 11C also includes an enlarged image 1104 of the area
in the rectangle of the improved resolution bright field image 1102.
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[0167] In FIGS. 12A, 12B, 12C, a mixture of 4.5 um green fluorescent speeds and non-
fluorescent beads were added to a sample. FIG. 12A is an overlay image of a low resolution
bright-field image with a fluorescence image, acquired using an MWB system, according to an
embodiment. The raw bright-field image of the sample was acquired during an FP image
acquisition process of an imaging method implemented by the MWB system. The fluorescence
image was generated during a fluorescence imaging process of the imaging method. In FIG.

12A, arrows are pointing to the green fluorescence beads.

[0168] FIG. 12B is a high resolution bright field image generated using the FP imaging
process of the imaging method implemented by the MWB system, according to an embodiment.
FIG. 12C is a reconstructed phase image generated using the FP reconstruction process of the
imaging method implemented by the MWB system, according to an embodiment. As shown, the
fluorescent beads are clearly distinguishable from the nonfluorescent beads by the fluorescent
signal. Two beads that are attached to each other resolves from the reconstructed intensity and
phase images in FIGS. 12B and 12C, and a fluorescence image in FIG. 12A gives information
on which bead is fluorescence among them. In one aspect, an MWB system can be used to
generate fluorescent images to identify targets labeled by, or expressing specific fluorophores,
and FP reconstructed improved resolution images to compensate for the diffraction-limited

fluorescence image of the targets.

[0169] A complex field that contains intensity and phase information of the sample can be
rendered by the iterative FP reconstruction process as discussed in X. Ou, R. Horstmeyer, C.
Yang, and G. Zheng, "Quantitative phase imaging via Fourier ptychographic microscopy," Opt.
Lett. 38(22), 4845-4848 (2013), which is hereby incorporated by reference for this discussion. In
order to verify the quantitative accuracy of the phase information, the reconstructed phase
information can be converted into the thickness of the bead using Eqn. 2:

r-2.A¢

— Egn. 2
Y (Eqn. 2)

where T is the thickness of the bead, A is the wavelength of the light, A¢ is the phase relative to
the background phase, and An is the refractive index difference between the sample and the
background. In FIGS. 12A, 12B, and 12C, the polystyrene beads (n=1.58) are immersed in oil
(n=1.515) and green LEDs (530 nm) are used for illumination. The converted line profile
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indicated in FIG. 12C is shown in FIG. 12D. FIG. 12D is a plot of the thickness of a bead on
the reconstructed phase image through a line indicated in FIG. 12C. The reconstructed phase
image was generated by the FP reconstruction process of the imaging method implemented by
the MWB system. The measured curve closely matched the expected profile of an ideal sphere,
which indicates the FPM reconstructed phase information of the MWB system is quantitatively

accurate.

[0170] In one aspect, the MWB system can use the FP reconstruction process for digital
refocusing. Digital refocusing is especially useful in live cell imaging, where multi-day or multi-
week experiments can be vitiated by image defocus caused by system drifts and multi-well plate
misalignments. By introducing a quadratic defocus phase term into the support constraint in the
spatial frequency domain, the defocused raw images can be digitally re-re-focused during the
FPM reconstruction as discussed in G. Zheng, R. Horstmeyer, and C. Yang, “Wide-field, high-
resolution Fourier ptychographic microscopy,” Nat. Photonics 7(9), 739-745 (2013).

[0171] In order to characterize the refocusing performance of the MWB system, a USAF target
was intentionally defocused and then digitally refocused during the FP reconstruction process.
FIG. 13A is a defocused image of the USAF target at z=+100 um. FIG. 13B is a digitally
refocused image of the image shown in FIG. 13A as digitally refocused during the FP
reconstruction process of an imaging method implemented by the MWB system, according to an
embodiment. FIG. 14A is a defocused image of the USAF target at z=-100 um. FIG. 14Bis a
digitally refocused image of the image shown in FIG. 14A as digitally refocused during the FP
reconstruction process of an imaging method implemented by the MWB system, according to an
embodiment. As illustrated by the images in FIGS. 13B and 14B, within the defocusing range
of £100 um, the MWB system digitally refocused the sample successfully.

[0172] FIG. 15 is a plot of line traces of the smallest resolved features shown in FIGS. 13B
and 14B, according to an embodiment. In FIG. 15, the line traces for the smallest resolved
feature in the case of the focused and z = +100 um defocused samples are shown. Three dark
lines are clearly distinguished from the line traces in all the cases, which indicates that the depth-

of-field (DOF) of the MWB system is about 200 pm.

[0173] FIG. 16A is a defocused neuron culture sample image. FIG. 16B is a digitally

refocused phase image using FPM reconstruction of an imaging method implemented by an
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MWB system, according to an embodiment. The sample used in the examples of FIGS. 16A
and 16B was fixed with paraformaldehyde (PFA) and immersed in phosphate buffered saline
(PBS) for the imaging.

[0174] FIG. 17 shows large field-of-view images generated by an MWB system, according to
an embodiment. Images 1722 and 1728 are raw images overlaid with fluorescence images.
Images 1724 and 1730 are reconstructed phase images corresponding to images 1722 and 1728.
Images 1722 and 1728 are raw images overlaid with fluorescence images. Images 1726 and

1732 are two channel phase gradient images corresponding to Images 1722 and 1728.

[0175] The full FOV of one imaging device of the MWB system was 5.7 mm x 4.3 mm, as
shown in the image 1720 in FIG. 17. The sample imaged was originally seeded with
dopaminergic (DA) neurons that were engineered to express eGFP. 15 DA neurons were
identified through the observed eGFP signals within the FOV shown in the image 1720 in FIG.
17. Images 1722, 1724, 1726, 1728, 1730, and 1732 are of two representative DA neurons. The
eGFP fluorescence signal intensity from the DA neurons was strong enough to be used to
identify the target cells, as shown in the images 1722 and 1728 of FIG. 17. Images 1724 and
1730 of FIG. 17 show the FPM reconstructed phase images at distances of 2.3 mm and 1.9 mm
from the center of the FOV, respectively. Images 1726 and 1732 of FIG. 17show 2 channel
phase gradient images which were generated from the reconstructed phase images 1724 and
1730. The artifact caused by phase wrapping in the reconstructed phase images (indicated with
arrow in image 1730) can be removed by converting the phase images into the phase gradient

images.

[0176] To conduct an example of live cell culture imaging using the MWB system, a sample
was cultured of ventral midbrain from the GENSAT tyrosine hydroxylase (TH)-eGFP strain, a
BAC transgenic mice line driving eGFP from the TH promoter. Each of the neuron-glia ventral
midbrain cultures consisted of a glial cell monolayer, DA neurons generating TH-eGFP, and
other midbrain neurons. The ventral midbrain culture was obtained from embryonic day 14
mouse embryos which were extracted from timed pregnant mice. The glial cells and midbrain
neurons were grown in a 6-well plate and the culture medium was exchanged at three-day
intervals over a 3-week imaging period. The MWB system was used to image and monitor the

cultures in a 6-well plate over a 3-week period. The MWB system captured a sequence of 7 low
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resolution bright-field intensity images from each well at one hour intervals during the FP image
acquisition process. A fluorescence imaging process was conducted once per day for each well.
FIG. 18 is a time-lapse sequence of phase images 1810, 1820, 1830, and 1840 generated by an
FP process of an imaging method implemented by an MWB system, according to an
embodiment. The phase images 1810, 1820, 1830, and 1840 are of the mouse neuron culture
discussed above. The phase images 1810, 1820, 1830, and 1840 were taken at day 4, day 7, day
10, and day 16 respectively. The tracked DA neuron is successfully identified using the eGFP
fluorescence signal and marked with a yellow circle. By comparing each subsequent image, a
cell was chosen having minimum position and size change with a target cell of previous time
frame as a target cell of current time frame. In the one hour period time-lapse imaging, this
tracking method worked well for most of cells. The target cell was tracked for the duration of
the culture experiment. FIG. 19 is a plot of the positional trace of the tracked target cell based

on images generated by an MWB system, according to an embodiment.

[0177] FIG. 20 is a time-lapse sequence of images 2010, 2020, 2030, and 2040 generated by
an FP process of an imaging method implemented by an MWB system, according to an
embodiment. To conduct time-lapse imaging of dividing cells, mouse ventral midbrain cultures
were mixed primary cultures. During the 21-day culture experiment, actively dividing cells were
found from the time-lapse images 2010, 2020, 2030, and 2040. Two putative mother cells as
indicated by the arrows divided into daughter cells. These cells began dividing on approximately

day 14 of culture. Such cell divisions were observed in each of the 6 wells in the 6-well plate.
V. Subsystems

[0178] FIG. 21 is a block diagram of one or more subsystems that may be present in certain
MWB systems, according to embodiments. A processor may be a component of the image

sensor or maybe a separate component.

[0179] The various components previously described in the Figures may operate using one or
more of the subsystems to facilitate the functions described herein. Any of the components in
the Figures may use any suitable number of subsystems to facilitate the functions described
herein. Examples of such subsystems and/or components are shown in a FIG. 21. The
subsystems shown in FIG. 21 are interconnected via a system bus 2425. Additional subsystems

such as a printer 2430, keyboard 2432, fixed disk 2434 (or other memory comprising computer
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readable media), display 56, which is coupled to display adapter 2438, and others are shown.
Peripherals and input/output (I/O) devices, which couple to I/O controller 2440, can be
connected by any number of means known in the art, such as serial port 2442. For example,
serial port 2442 or external interface 2444 can be used to connect components of a computing
device to a wide area network such as the Internet, a mouse input device, or a scanner. The
interconnection via system bus 2425 allows the processor to communicate with each subsystem
and to control the execution of instructions from system memory 2446 or the fixed disk 2434, as
well as the exchange of information between subsystems. The system memory 2446 and/or the
fixed disk 2434 may embody the CRM 182 in some cases. Any of these elements may be

present in the previously described features.

[0180] In some embodiments, an output device such as the printer 2430 or display 182 of the
Fourier camera system can output various forms of data. For example, the MWB system can
output 2D color/monochromatic images (intensity and/or phase), data associated with these

images, or other data associated with analyses performed by the MWB system.

[0181] Modifications, additions, or omissions may be made to any of the above-described
embodiments without departing from the scope of the disclosure. Any of the embodiments
described above may include more, fewer, or other features without departing from the scope of
the disclosure. Additionally, the steps of the described features may be performed in any

suitable order without departing from the scope of the disclosure.

[0182] It should be understood that the present invention as described above can be
implemented in the form of control logic using computer software in a modular or integrated
manner. Based on the disclosure and teachings provided herein, a person of ordinary skill in the
art will know and appreciate other ways and/or methods to implement the present invention

using hardware and a combination of hardware and software.

[0183] Any of the software components or functions described in this application, may be
implemented as software code to be executed by a processor using any suitable computer
language such as, for example, Java, C++ or Perl using, for example, conventional or object-
oriented techniques. The software code may be stored as a series of instructions, or commands

on a CRM, such as a random access memory (RAM), a read only memory (ROM), a magnetic
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medium such as a hard-drive or a floppy disk, or an optical medium such as a CD-ROM. Any
such CRM may reside on or within a single computational apparatus, and may be present on or

within different computational apparatuses within a system or network.

[0184] Although the foregoing disclosed embodiments have been described in some detail to
facilitate understanding, the described embodiments are to be considered illustrative and not
limiting. It will be apparent to one of ordinary skill in the art that certain changes and

modifications can be practiced within the scope of the appended claims.

[0185] One or more features from any embodiment may be combined with one or more
features of any other embodiment without departing from the scope of the disclosure. Further,
modifications, additions, or omissions may be made to any embodiment without departing from
the scope of the disclosure. The components of any embodiment may be integrated or separated

according to particular needs without departing from the scope of the disclosure.
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WHAT IS CLAIMED IS:

I. An imaging device for bright field Fourier ptychographic imaging and
fluorescence imaging, the imaging device comprising:

a first fluorescence illumination source configured to provide excitation light of a
first range of wavelengths to a transparent well;

an optical system having a pair of objectives positioned oppositely; and

an image sensor configured to receive light propagated through the optical system
from the transparent well, the image sensor further configured to acquire a sequence of uniquely
illuminated intensity measurements of light passing through a sample in the well based on
sequential illumination at different illumination angles from a variable illumination source, the
image sensor further configured to acquire a first fluorescence image of the sample based on

light emitted by the sample in response to excitation light of the first range of wavelengths.

2. The imaging device of claim 1, further comprising a processor configured
to iteratively determine an improved resolution bright field image of the sample that is self-

consistent with the sequence of uniquely illuminated intensity measurements.

3. The imaging device of claim 2, wherein the improved resolution bright
field image of the sample and the first fluorescence image are determined on a periodic basis for

time lapse imaging.

4. The imaging device of claim 1, wherein the excitation light of the first
range of wavelengths and the illumination sequentially at different illumination angles are

provided at different image acquisition times.
5. The imaging device of claim 1, wherein the optical system has an

emission filter between the objectives and configured to block excitation light of the first range

of wavelengths.

6. The imaging device of claim 5, wherein illumination from the variable

illumination source is of a range of wavelengths within a passband of the emission filter.
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7. The imaging device of claim 1,

further comprising a second fluorescence illumination source configured to
provide excitation light of a second range of wavelengths to the transparent well,

wherein the image sensor is further configured to acquire a second fluorescence
image of the sample based on light emitted by the sample in response to excitation light of the
second range of wavelengths;

wherein the processor is further configured to combine the first fluorescence
image and the second fluorescence image to generate a multi-color fluorescence image of the

sample.

8. The imaging device of claim 7, wherein the optical system has a dual band
emission filter between the objectives, and wherein the dual band emission filter is configured to
block excitation light of the first range of wavelengths and block excitation light of the second

range of wavelengths.

0. The imaging device of claim 8, wherein illumination from the variable
illumination source is of a range of wavelengths within a passband of the dual band emission

filter.

10. The imaging device of claim 1, wherein the pair of objectives comprises a
first objective lens and a second objective lens, wherein the first objective lens is configured to
collect light from the well and the second objective lens is configured to focus light to the image
sensor, and wherein the first objective and the second objective have the same numerical

aperture.

11.  The imaging device of claim 1, wherein each objective has a numerical

aperture of less than 0.55.
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12.  The imaging device of claim 1, wherein the first fluorescence illumination
source directs excitation light of the first range of wavelengths at a small angle to a plane at a

bottom surface of the transparent well and to a center of the transparent well.

13. The imaging device of claim 1, wherein the transparent well is in a multi-

well plate.

14. The imaging device of claim 1, wherein the transparent well is in a 6-well

plate or a 12-well plate.

15.  The imaging device of claim 1, wherein the transparent well is at least 20

mm in width.

16. A system for Fourier ptychographic imaging and fluorescence imaging,
the system comprising:
a body configured to receive a multi-well plate; and
imaging devices arranged for one to one correspondence with wells in the multi-
well plate, each imaging device comprising:
a first fluorescence illumination source configured to provide excitation
light of a first range of wavelengths to the corresponding well,
an optical system with a pair of objectives positioned oppositely; and
an image sensor for capturing intensity measurements based on light
received from the corresponding well,
wherein the system generates an improved resolution brightfield image of the
sample using Fourier ptychographic reconstruction based on a sequence of uniquely illumination
intensity measurements acquired during sequential illumination at different illumination angles
by a variable illumination source; and
wherein the system generates a first fluorescence image based on light emitted by

the sample in response to receiving excitation light of the first range of wavelengths.
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17. The system of claim 16, further comprising a processor configured to
iteratively determine the improved resolution bright field image that is self-consistent with the

sequence of uniquely illuminated intensity measurements.

18.  The system of claim 16, wherein the improved resolution bright field
image of the sample and the first fluorescence image are determined on a periodic basis for time

lapse imaging.

19.  The system of claim 16, wherein the excitation light of the first range of
wavelengths and the illumination sequentially at different illumination angles are provided at

different image acquisition times.

20.  The system of claim 16, wherein the optical system has an emission filter

between the objectives and configured to block excitation light of the first range of wavelengths.

21. The system of claim 20, wherein illumination from the variable

illumination source is of a range of wavelengths within a passband of the emission filter.

22. The system of claim 16,

further comprising a second fluorescence illumination source configured to
provide excitation light of a second range of wavelengths to the transparent well,

wherein the image sensor is further configured to acquire a second fluorescence
image of the sample based on light emitted by the sample in response to receiving excitation
light of the second range of wavelengths; and

wherein the processor is further configured to overlay the first fluorescence image

and the second fluorescence image to generate a multi-color fluorescence image of the sample.

23. The system of claim 22, wherein the optical system has a dual band
emission filter between the objectives, and wherein the dual band emission filter is configured to
block excitation light of the first range of wavelengths and block excitation light of the second

range of wavelengths.
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24. The system of claim 23, wherein illumination from the variable
illumination source is of a range of wavelengths within a passband of the dual band emission

filter.

25. The system of claim 16, wherein the pair of objectives comprises a first
objective lens and a second objective lens, wherein the first objective lens is configured to collect
light from the well and the second objective lens is configured to focus light to the image sensor,

and wherein the first objective and the second objective have the same numerical aperture.

25. The system of claim 16, wherein each objective has a numerical aperture

of less than 0.55.

26. The system of claim 16, wherein the first fluorescence illumination source
directs excitation light of the first range of wavelengths at a small angle to a plane at a bottom

surface of the transparent well and to a center of the transparent well.

27. The system of claim 26, wherein the transparent well is in a multi-well

plate.

28. The system of claim 16, wherein the transparent well is in a 6-well plate or

a 12-well plate.

29.  The system of claim 16, wherein the transparent well is at least 20 mm in

diameter.
30.  Animaging method, comprising:

sequentially illuminating a multi-well plate with plane wave illumination at a

plurality of illumination angles using a variable illumination source;
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for each well in the well plate, acquiring a sequence of uniquely illuminated
intensity measurements from light passing through a sample in the corresponding well based on
sequential illumination at the plurality of illumination angles; and

for each well in the well plate, reconstructing with a Fourier ptychography
reconstruction process an improved resolution brightfield image of the sample based on the

sequence of uniquely illuminated intensity measurements.

31 The method of claim 30, wherein calibrating the positions of the light
sources comprises:

calibrating positions of light sources of a variable illumination source to locations
of image sensors receiving light from wells in a multi-well plate;

illuminating a central light element of a variable illumination source providing the
sequential illumination;

acquiring an intensity image from light passing through the sample in a well of
the multi-well plate

determining the center of the intensity image;

measuring a shift in the intensity image;

finding the central light element displacement using a lookup data; and

determining the plurality of illumination angles based on the central light

displacement.

32. The method of claim 30, further comprising:

calibrating positions of light sources of a variable illumination source to locations
of image sensors receiving light from wells in a multi-well plate;

illuminating the multi-well plate with excitation light of a first range of
wavelengths; and

for each well in the well plate, acquiring a first fluorescence image of the sample

in the well.

33. The method of claim 31, further comprising:
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illuminating the multi-well plate with excitation light of a second range of
wavelengths;

for each well in the well plate, acquiring a second fluorescence image of the
sample in the well; and

overlaying the first fluorescence image and the second fluorescence image to

generate a multicolor fluorescence image.
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