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CHAPTER 1
I ntroduction

1.1 Research Problem Description

The unique ability of stem cells to exist in mulistates (i.e., pluripotent, multipotent, matysejvides a powerful
tool for developmental biology, pharmaceutical sce and regenerative medicine. Ironically, thisisgroperty
hinders rapid progress in these fields due to thieeot lack of experimental control to maintainnsteells or their
progeny in a specified state. One primary chakeisgdefining and executing screening protocols tlaa non-
invasively monitor the status (i.e., viability, fiferative capacity, functional competence) of aegi population of
cells. The complexity of such screening is amgtdifin biologically relevant three-dimensional cousts, where
not only is accessing the cells for screening naffecult but the status of cells can be alterethiéy are removed
from the construct for characterizatigh-2]. In addition, certain characterization approachegh as those
involving antibody or peptide binding either requithe use of fixed tissue or can alter stem celiestthereby
limiting clinical use [3-4]. Continued advances @stem cell research depend on the development wof ne
technologies that meet the following design créeflihis instrument should A) avoid disaggregatiopteserve the
microenvironment and maintain cell viability, B)cagre an accurate measurement by quantifying aeseptative
fraction of the volume, (C) avoid the use of examenlabels so as not to influence phenotype analiby sorting
based on any measurement made on the system. &hefghis project is to develop an instrument timetets these

criteria (summarized iRkigure 1.1).
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Avoid Disaggregation Quantify a Representative Fraction of the Volume
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C D

Avoid use of Exogenous Labels Sort or Purify Particles
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Figure 1.1 Schematic of ideal design criteria for analysis3dD microtissues. A) Must avoid disaggregation to
preserve the microenvironment and maintain celbilitg. B) Should acquire an accurate measurement b
quantifying a representative fraction of the volur@® Avoids the use of exogenous labels so asmaifluence

phenotype. D) Allows sorting based on any measard made on the system.



1.2 Specific Objectives and Hypotheses

Specific Objective 1: To develop a proof of conddpttiphoton Flow Cytometry (MPFC) systerhlypothesis. A
novel optical arrangement including multiphoton excitation could be used to enhance the ability of flow
cytometry systemsto accurately and non-invasively probe cellsin the interior of microtissuesin an enhanced
throughput fashion (thereby addressing design criteria A and B). To test this hypothesis, a modular
microfluidic device was developed to stream mig®ies in a controlled manner past a point of dgtiterrogation
(Chapter 3). The device was incorporated onto #iphoton Laser Scanning Microscope (MPLSM) andedgbn
software was developed. Together, these comporientsed the basis for an instrument capable of onéag
microtissue characteristics in an enhanced througligshion. The utility of the resultant systermanred
multiphoton flow cytometry (MPFC), was assessedjbgntifying microtissue size and fluorescence isitgnand

comparing results to those attained with convealistatic imaging techniques [5].

Specific Objective 2: To sort multicellular entgtibased on characteristics detected using MPHYpothesis. A

novel, microfluidic-based sorting mechanism can beincor porated into the M PFC design to purify populations

of large particles (thereby addressing criterion D). To test this hypothesis, several iterations ofitigeneration
MPFC flow cell were developed, allowing sortinglafge particles based on user-defined criteria.ideatify the
best iteration, designs were tested by sortingrédscent beads. Assessment criteria were 1) pafitgesired
particles, 2) enrichment ratio, 3) accessibilityfdat) ease of use (Chapter 4). The optimal largéca sorting
device (LaPSD) was further validated by sortingofescently stained embryoid bodies (EBs) and aisges$ise

viability and long-term function of cells of the HB].



Specific Objective 3: To use the MPFC system teinaasively purify populations of microtissues dadssess the
functional capacity of sorted populationsFor final validation of the MPFC as both a reshatool and to
demonstrate potential for clinical transplantationicrotissues were sorted based on extrinsic armidnsic
fluorescent indicators of cell statélypothesis. Purified populations of EBs, detected and sorted on the M PFC
based on fluorescent indicators of size, cell phenotype and viability, will have higher percentages of cells
adopting a cardiac phenotype (Chapters 5 & 6) than unsorted populations of EBs (thereby addressing
criterion C). Conventional methods for assessing cell phemotgpd function were performed to test this

hypothesis [7].



CHAPTER 2
Background

2.1 Introduction to Flow Cytometry

Flow cytometry is a relatively mature, high-thropgh biological and clinical technique used for
characterizing large populations of single cells [flike RNA and protein-based approaches (i.&lARY protein
microarrays, reverse transcriptase-polymerase aleaiction, Western blot or ELISA), flow cytometrgrcbe used
to analyze intact cells, permitting the study oélgmed populations over time. A myriad of measwata can be
rapidly made using flow cytometry systems includmg not limited to cell count, viability, size, agrularity, as
well as DNA/RNA content, surface sugars and progaipression. Commercial flow cytometers consist @tidic
delivery component that focuses a sample streanpaset of single cells onto a light interrogatiorinpavithin a
flow cell (Figure 2.1). Principles of laminar flow allow for a bufferasdlution, commonly known as sheath fluid, to
physically focus cells into a confined stream. sThb-called hydrodynamic focusing effect is mosmnewnly
implemented with sheath fluid in commercial systeing has recently been accomplished in micro-ftgtometry
applications with electric fields [9-11] and acdasivaves [12-14]. Light excitation in commerciaglstems is
typically supplied by mercury lamps, along with @mgand krypton ion lasers. The incorporation oficgh
excitation filters increases the sensitivity antesivity of the instrument by delivering light atwavelength that
caters to the excitation spectrum of the fluoropkdseing used. Following excitation, longer wangtd photons
are emitted from the fluorophore and directed tecdfr detectors, typically photomultiplier tubeBMTSs), where
they are amplified and digitized to an electricgeuthat will be analyzed by the software. Emissiters and other
spectral approaches are also used to further disate the fluorophores seen at detection. Manyheke
instruments include the capability of detectingestbellular parameters based exclusively on lightter. Slightly
deflected light, known as forward scatter, giveseasure of cell size, while light that is deflecpedpendicular to
the light source, or side-scatter, measures theutadty of a cell. Some modern instruments incogpe the ability

to analyze up to 19 parameters simultaneously [15].
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Figure 2.1 Schematic of a traditional flow cytometry systefdapted from original artwork by Life Technologie

(www.lifetechnologies.com). Copyright © 2012 Lifechnologies Corporation. Used under permission.



2.2 Fluorescent Activated Cell Sorting of Single Cells (FACS)

One of the great advantages of flow cytometry tés unrivaled ability to sort cells based on the
aforementioned cellular characteristics. Fluoraseeactivated cell sorting (FACS) instruments aqgiish sorting
by creating uniformly sized droplets leaving thenpée injection nozzle by way of an ultrasonic nezzibrator [16-
17]. While in the nozzle (flow cell), each indival cell passes through the laser beam and istddtas a positive
or negative event based on its expression of aoceded fluorescent probe. If the cell is detecieda positive
event, the droplet that is formed housing that isefliven a positive charge, whereas if no cefiressent or a cell is
deemed to be a negative event, a negative chargwéas to the droplet. Those droplets then passutfh an
electric field which deflects the droplets basedlwir charge, effectively sorting cells based loorescence levels.
Although very effective in commercial systems, timsthod has inherent limitations as particle sinesease. Cell
induced surface disturbances can alter the prdailityeof droplet formations and this effect is alifipd as particle
size increases [18]. In addition, the mass in@e&sociated with large particles decreases thie afgleflection
induced by the electric field and greatly increabesvariability in droplet displacement [19]. Theharged-based

droplet sorting is not a viable option for largetjzde sorting.

2.3 LargeParticle Flow Analyzers

Large particle flow cytometers were first enginekirethe late 1980’s for analyzing and sorting skEmpf
aquatic phytoplankton [20-21] as well as pancreatats [22]. The first instrument was developedhdvo and was
capable of analyzing a broad range of phytoplanktarticles (0.5 — 50@m in diameter, and over 2,0Q0n in
length), while the second instrument made modificet to a PARTEC PAS Il cell sorter to distingusdncreatic
islets from exocrine tissue. Scaling up flow cy&ng instruments to accommodate large particlesires major
adjustments to the fluidic and optical componenfhe fluidic components must be carefully desigteedinimize
clogging, fouling and shearing of sample particle&lectrical and optical components must be adjugte
accommodate longer delay pulses for events, asasaletect fluorescence measurements that areseepagive of
an entire particle.

The Complex Object Parametric Analyzer and Soi@DHRAS), built by Union Biometrica, was the first
commercial, custom built system for high throughpoélysis of large particles. COPAS incorporateddbility to

analyze up to five parameters at once on partigle® 1500um in diameter. This instrument is capable of pmgbi



large cellular entities such as pancreatic isl28, [stem-cell clusters [24], three-dimensional \3Bsue constructs
[25], D. melanogasteembryos and larvae [26-27], afd elegang28]. The primary limitation of the instrument is
the inability to discern optical attributes of setleep within an aggregate. This can be problenmtianalyzing 3-
D constructs since differences in viability, celpé, and matrix composition can differ relativeptmsition within a
tissue or cell aggregate. This instrument is atgoensive and not openly accessible to laboratevg&ing with

tissue constructs or multicellular aggregates.

2.4 LargeParticle Sorting Systems

COPAS, as previously mentioned, was the first comiakhigh throughput large particle flow cytometer
which also patented a sorting mechanism capablpudfying particles up to 1500 um in diameter [19T.he
mechanism consists of a solenoid valve locateddritsf the flow cell that is air pressurized antbated (opened)
in response to defined optical parameters. Unwiaptaticles are diverted into a waste containeremtesired
particles move freely through the system and atinately dispensed into microtiter plates. Theteysis a
tremendous advance for sorting large particles poufication is still limited by single photon aps$ that may not
discern optical attributes deep within a partickeditionally, the closed nature of the system tgrthe accessibility
and flexibility desired for many basic researchligagions.

Microfluidic platforms have been utilized for seakryears to improve efficiency, accessibility and
flexibility of systems designed to purify small peles [29-33] and have been utilized more recewtlpurify large
particles based on particle size [34-35]. In jpaitr, a microfluidic 1 mm glass capillary sortingechanism was
developed using diode laser bars to optically tiageflect particles up to 200 pm in diameter [3Fheoretically,
different size particles can be sorted by size idifferent compartments based on the supplied lassver.
However, since the length of the laser bar mustelm®e to accommodate increasingly large partigessgtical
application of this approach to particles largeantil00 um is limited. In addition, the impact efjuired laser
power on the viability and function of biologic paltes in this system is unknown. Another approathzes a
physical separation scheme to sort large partizées®d on size in a microfluidic device. In thisesamouse EBs

could be separated into three size groups withormpcomised viability [35].



2.5 Multiphoton Laser Scanning Microscopy (MPLSM)

MPLSM is a nonlinear optical sectioning technighattrequires simultaneous absorption of two or more
low-energy photons in the near infrared range ftactive fluorophore excitation [36]. To ensure timultaneous
excitation of a fluorophore it is necessary to wilian extremely high flux of photons to the samplehis is
typically accomplished using pulsed lasers, suctit@stium sapphire systems, that provide 100 feetond pulses
at a repetition rate of 80MHz. Sufficient energy fwo-photon excitation is only present at thenplaf focus such
that, unlike other fluorescence microscopy appreacho out-of-plane signal interference or photatiéng occurs.
Along with the fact that these longer wavelengthdight are more immune to scattering and are [#sstotoxic
[37], the effective imaging depth can greatly exteenventional confocal microscopy [38]. Imagingpth is
especially important in the context of cellular eggates (i.e. embryoid bodies (EBs)), where théca}size range
is approximately 100 — 500 microns in diameter.oFéscence signals beneath the surface of an aggraga
difficult to detect with current epifluorescencecnuiscopes or flow cytometry systems, but can belved with
MPLSM.

In addition to the aforementioned benefits, MPLSI8bahas the ability to detect many features of la ce
without the use of extrinsic probes (i.e. intriradig fluorescent structures) [39]. Two-photon ixiton makes the
detection of cellular intrinsic fluorophores, suah nicotinimide adenine dinucleotide (NADH) andvifteadenine
dinucleotide (FAD), possible due to its improvedrsil-to-noise ratio and avoidance of ultraviolgp@sure, which
may be cytotoxic [40]. Both NADH and FAD play piab roles in energy metabolism, and thus provide
information about the energetic state of the catlmhicroenvironment. While these fluorophores exeited in a
similar fashion to extrinsic tags, non-linear optieffects other than multiphoton fluorescence taxicin can also
occur at the very high photon densities attaingti@focus of the scanning excitation beam on tiRt M.

Molecular assemblies with high-order structure hsas collagen matrices, can generate a second h&rmo
(SH) signal at half the wavelength of the excitatjd1-42]. Unlike the case in MP imaging, the Sghal has a
narrow spectral line-width (determined by the eattiin source) and a zero lifetime. These chariatites allow SH
signals to be distinguished from MP signals insetascanning microscope with high peak intensityafast pulse
excitation, even if there are fluorescence sigmddgh overlap the SH signal. These features makentaging a
very useful adjunct to MP imaging wHesbserving cells that are imbedded in an extrastzellmatrix, providing

additional information about a tissue microenviremt .
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Another tool accessible on the MPLSM that is diagitoof the microenvironment of a fluorophore is
fluorescence lifetime imaging microscopy (FLIM) [4Factors such as ionic strength, hydrophobiacityygen
concentration, binding to macromolecules and thexiprity of molecules that can deplete the excitéatesby
resonance energy transfer can all modify the fifetof a fluorophore. Measurements of lifetimes tenefore be
used as indicators of these parameters. Fluorescéfetime measurements are generally absolutégbe
independent of the concentration of the fluorophérgthermore, lifetime properties may be partidylaiseful in
identifying fluorophores with significantly overlpmg spectral properties. Fluorescence lifetimagmghas been
characterized and the potential of this technigag een demonstrated [44-46], including its impagato stem

cell biology [47-50].
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CHAPTER 3
Validation of a Multiphoton Flow Cytometer (MPFC) for Analysis of Cellular
Aggregates

3.1 Specific Objective 1: To develop a proof of concept M ultiphoton Flow Cytometry (M PFC) system
Hypothesis: A novel optical arrangement includingltiphoton excitation could be used to enhanceathiéity of
flow cytometry systems to accurately and non-invelgi probe cells in the interior of microtissuesaim enhanced

throughput fashion (thereby addressing designr@it® and B).

Given the unique properties of MPLSM and corresjugdpotential for stem cell imaging, we
hypothesized that a novel multiphoton fluoresceeaeitation flow cytometry instrument (MPFC) coulce b
developed to accurately probe cells deep in therioit of multicellular aggregates or tissue corgguin an
enhanced-throughput manner. Furthermore, if thidesn is used to excite endogenous fluorophoresells as
potential intrinsic biomarker candidates, the agailon of exogenous fluorescent labels is therelnyided and
fixation is unnecessary. Others have consideredptssibility of a multiphoton flow instrument (omultiphoton
flow cytometry) [51-53] for analysis of cells andllellar aggregates in turbid and nonuniform flomditions, such
as may be encountered in blood vesselgivo. In the future, our intent is to devise a fluidkhtrolled in vitro
system such that cellular and multicellular engitiright not only be analyzed but also sorted baseendogenous
fluorescent properties. Cells sorted with thisteyswould, in principle, be viable and their celi¢ell contacts
unperturbed, unlike the output of current flow awtetry sorting systems, and so could be used dyréaticlinical
application.

The instrument we have developed is comprisedffw cell through which large particles stream past a
light interrogation point, amptics systenwith two-photon excitation capability arghta acquisition softwaréo
quantify the dataKigure 3.1). In the course of constructing this proof-of-cept MPFC instrument, we sought to
incorporate an open frame hardware system struatatenodular acquisition software package to yégldiccurate,
non-invasive and enhanced-throughput system tesassem cell state (including metabolic, viabitityd functional
status) at a three-dimensional lewdgére we describe the instrument design as welbédate the proof of concept
prototype, in terms of integrity of the width ofettsample stream, particle recovery, speed of intageure,

accuracy of image capture and accuracy of measlu@escence intensity. The latter analyses werelacted on
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both synthetic fluorescent beads and stem cell eagges, including analysis of both extrinsic anttineic

fluorescence.

3.2 Materialsand M ethods

3.2.1 Construction of Flow Cell

The flow cell was constructed using standard plitbtmgraphic and soft lithography techniques [54-58]

Two 500um layers of SU-8 2150 negative photo resist weregmto a silicon wafer substrate by manipulating
spin speed and spin time. Soft bakes and postsexpdakes of the photo resist layer were perforatedrding to
manufacturer’s specifications (Microchem, NewtonAM Liquid phase polydimethylsiloxane (PDMS) (Sstd
184, Dow Corning, Midland, MI) mixed at a 10:1 bagecuring agent ratio was poured over the silintaster and
heated for one hour at 95 degrees Celsius. Thteeports (two for sheath channels, one for sajrgoie one outlet
were cored out of the PDMS device using a 16 gduhgiet needle. Polyvinyl choloride (PVC) Tygon tngi(0.1
cm I.D., 0.2 cm O.D.) created a leak-free seal wihearted into the inlet and outlet ports of thesedmeric PDMS.

A 0.15 mm thick glass cover slip was irreversiblynded to the PDMS by oxygen plasma treatment [SBfe
sheath syringe fed into a three way mechanicalevdiat split the stream to the left and right irspait the flow cell
(Figure 3.2A, B). The three way valve was implemented to tempgrélush the flow cell of air bubbles and
manually calibrate the focused stream with fluoe@sclye before testing. The sheath inlet charnwel® designed
to be 2 mm in width, the sample channel 1 mm intkvidnd the outlet channel 5 mm in width and 76 imhength
(Figure 3.2 A, B). The large width of the outlet channel was desijto decrease the average (and maximum)

velocity of the large particles, to accommodatedigle scanning speed of 2-3 frames/second.

3.2.2 Integration of Flow Cell on M ultiphoton Laser Scanning Microscopy System

Two separate programmable syringe pumps (BrainBemntific Inc., Braintree, MA, model BS-
8000/9000), housed 20 cc syringes to drive shaattsample liquids through the attached tubing & €ell. The
flow cell was mounted on a length-wise adjustalibye insert compatible with most microscope stages,
therefore easily adjusted via the xy stage comrahd z-focus. The sheath to sample rate ratig,reported as the
summed volumetric flow rates of both sheath poxisrdhe volumetric flow rate of the sample portheTratio

utilized throughout this work wasg = 2.0 and maximum volumetric flow rate of the etitthannel equal to 900
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ul/min. Samples were interrogated with either 8&0dar 780 nm wavelength light and images collectét Wikon
lenses (Nikon, Melville, NY), either a 1.0 mm WDy/8 NA, 20X air lens or a 1.2 mm WD, 0.75 NA, 10 lans

with a typical scan speed of approximately 2.38a/second and resolution of 256 x 256.

3.2.3 Validation of Flow Stream Widths

Five drops of fluorescein dye was added to 20 fraledonized water and loaded into the sample sgrilng
verify the boundaries of the focused sample stremthe flow channel. Focused stream widths wecended on
the MPFC set up and measured with ImageJ (httpwéb.nih.gov/ij/) [60]. Theoretical stream widtlgere
calculated based on previous studies of hydrodyndmaiusing in rectangular microchannels [61]. Bygervation

of mass, the width of the focused stream can bera@ted using:

Wi _ Qi
wo v(Qi+Qs)

where w is the width of the focused streamy & the width of the outlet channel; @ the volumetric flow rate of

the sample inlet and s the volumetric flow rate of the two sheath taleombinedy represents the velocity ratio,

Z—’, where vy and v, correspond to the average flow velocities in theuted stream and the outlet channel,
0

respectively. Nine different sheath to sampleosativithin a pertinent range were analyzed whilgirigsthree

different volumetric flow rates for each data pdmensure reproducibility at different Reynoldisnnbers 0.9 - 9.0.

3.2.4 Validation of Size and Fluor escence | ntensity using Polystyr ene Fluor escent Microspher es

Fluorescent microspheres, approximately 100, 26d, 400 um in diameter (Duke Scientific Corporati®alo
Alto, CA) were suspended in 1X phosphate bufferatine (PBS) containing 0.1% Triton X-100. These

microspheres were used to calibrate optical parnsieind verify proper functioning of the fluidicmaponent.

3.2.5 Cell Culture and EB Formation

Mouse embryonic stem cell (ESC) lines used werd@3and HM1aMHC::GFP. ThexMHC::GFP cell
line was generated by transfecting (Lipofectamiimwjtrogen, Carlsbad, CA) a plasmid containing thé kb
promoter region of theMyosin Heavy Chain gene driving EGFP [63] into HESE cells [64] to express GFP in
cardiac myocytes. ESCs were cultured in Dulbechtbsified Eagle Medium (DMEM) with 10% FBS with the

addition of Leukemia Inhibitory Factor (LIF, Millgre/Chemicon, Billerica, MA) at 2000 U/ml and Bone
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Morphogenic Protein 4 (BMP-4, R&D Systems, MinndaydN) at 10ng/ml [65] in 5% CO2 at 3Z. Embryoid
bodies (EBs) were made via the hanging drop mefé Briefly, ESCs were trypsinized and resusphih
DMEM with 10% FBS (no LIF or BMP-4) to 1.6 X i@ell/ml. This cell suspension was used to makgiB0
hanging drops in 100mm Petri dishes over PBS. &E&® harvested on days 8 and 12 after formatidmaofjing
drops, placed into a 50ml conical tube and alloveedettle. Supernatant was removed and EBs wstspended
in 20 ml DMEM with 10% FBS and remained in suspensiat 37C until used in the flow cell (<4 hrs). A small
number of EBs used were plated onto 60mm gelatinizéture dishes to confirm the ability of thosesE® attach

and form contracting cardiomyocytes.

3.2.6 Static Imaging of NADH Fluor escence | ntensity in EBson MPLSM and confocal microscope

Measurements of NADH fluorescence intensity thiaug the EB volume were made on both the MPLSM
and aNikon Eclipse Ti inverted confocal microscope (Fealechnologies, Middleton, WHy taking serial optical
sections of EBs at 1um intervals beginning at tbeecslip (z=0) and moving toward the center of ttedl
aggregates (z=50umNADH was measured with MPLSM by tuning the Ti:Sajppltaser to 780nm and collecting
fluorescence emission through a 457/50 bandpasssemifilter Chroma Technology Corporation, Rockingham,
VT), while NADH was measured with confocal microsc@tyan excitation wavelength of 405 and a 460/50 nm
bandpass filter@hroma Technology Corporation, Rockingham,)Wiith a 80 um pinhole. Images on both systems
were taken at a resolution of 512x512, with theesdm® mm WD, 0.75 NA, 20X air lenslikon TE2000, Melville,
NY). The power measurements at the sample were lam¥\30mW, for the confocal microscope and MPL.SM
respectively. EBs were imaged in 9 x 2 ibidi mgtides (ibidi, Martinsried, Germany), and cultuigter imaging,

to assess morphology and attachment on the follpday.

3.2.7 Analysisof EBson M PFC

Deionized water was loaded into the sample andtklgyringes and run through the system for 5 remut
Subsequently, 10 ml of 1X PBS containing 0.2% beserum albumin (BSA), was loaded into the samyliege,
and run through the sample tubing and the flow. cBIEA was used to bind nonspecific protein binditgs in the
tubing and flow cell and so prevents cell adheswthe biomaterials present in the system. EB®weunted by

the observer before being suspended in 10 ml of BIMEmplete medium, and loaded into the sample ggrinThe
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MPLSM Ti:Sapphire laser (Spectra Physics Tsunareiwpbrt Corporation, Palo Alto, CA) was tuned at 780
excitation for NADH detection and 890 nm excitatigvith a 520/35 bandpass emission filter, Chromehhelogy
Corporation, Rockingham, VT) for GFP detection {&atton 489 nm, emission 509 nm). Power and gattirgs
of the laser were set such that less than 5% @ipiwere saturated and background noise was kepthimimum.
Sheath to sample ratios were kept constant at th, avitotal volumetric flow rate (combined sheatld @ample
volumetric flow rates) of 60@l/min. A sample volumetric flow rate of 20@/min was used when analyzing EBs
Bright field and intensity images were collectethgsn-house developed software (WiscScan) for laaituisition
and quantitative and morphological analysis. Apsulation of EBs were imaged statically in a glasgtom dish
(MatTek Corporation, Ashland, MA) before and afiéPFC analysis, under the same imaging conditioes! disr
flow conditions. Fluorescence and size measurestT&EBS were made using ImageJ software [60]. aratysis,

threshold values were set such that less than 6fifiels on a background image were saturatedlifa@onditions.

3.2.8 Statistical Analyses

For comparison of size and fluorescence intensitgls of beads and cell aggregates under statidlaw
(MPFC system) conditions, a normal distribution veasumed and one-way analyses of variance (ANOVW) a
Studentt-test for unpaired samples were used. Data werlyzathwith JIMP 5.0.1 for Windows (SAS Institute,
Inc., Carey, NC). A 95% confidenc® (< 0.05) interval was applied as the criteriond&diermine statistically

significant differences.

3.3 Design of Instrument

The MPFC system integrates three componentsdidkii optics and data acquisition. These compaenent

are linked as illustrated in the comprehensive wetie Figure 3.1).

3.3.1 Fluidic Components

The fluidic components of a flow cytometer requigaeful design considerations, as they can adyerse

impact cell phenotype and viability. This espdygiablds true when flowing large cellular aggregatigat are more
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Figure 3.1 Schematic diagram of the MPFC system. A micratabed flow cell is placed on a multiphoton laser
scanning microscope equipped with a Ti:Sapphirerldésr excitation, photomultipliers, and scanningtics and
electronics for signal collection. Sample fluice(j. biological specimens or beads) and sheath #tedintroduced
into the microchannels using syringe pumps andcés®al tubing. See the Materials and Methods hadesults

sections for additional details.
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prone to shearing and clogging than single celibe need for a gentle flow mechanism is also heiggd when
considering use of cell aggregates for therapaugé following imaging, assessment and sorting. tRisrreason,
the MPFC employs a horizontal flow cell made froMPS microchannels plasma-bonded to a glass copersli
(Figure 3.2A, B) [57, 67]. At the point of light interrogation, ehchamber width of the flow cell is 5 mm, the
chamber height is 0.7 mm. Sample and sheath vaumeee typically delivered using syringe pumps emted to
the flow cell with Tygon tubing (0.1 cm I.D., 0.2ncO.D.) at rates of 50-500l/min and 100-100Qul/min,

respectively.

3.3.2 Optical Components

The MPFC system was built on an existing MPLSMfplan designed for static (i.e., non-flow) imaging
located in the Laboratory for Optical and Computadl Instrumentation (LOCI), University of Wisconsat
Madison [68-70]. While the MPLSM systems at LOCivh advanced instrumentation for spectral lifetime
collection, adaptive optics, and second harmoniegaion, the heart of the MPLSM system is a stahdeverted
microscope (Nikon TE2000, Melville, NY) with Cambge galvos (Cambridge Technology, Billerica, MAY fo
scanning, Tsunami (Spectra Physics, Palo Alto, T&gapphire laser, a Hamamatsu H7422 GaAsP Photipiied
detector (Hamamatsu Photonics, Bridgewater, NJ)flisorescence intensity detection and a sensitilieos
photodiode detector (Bio-Rad, Hercules, CA) for idaneous transmission image collection. The psepof
detecting a transmitted image simultaneously hagargdges inherent with collecting an image, namely,
morphological analysis and detection of localizkebrfescence within a multicellular entity. With penalty in
regards to acquisition speed or signal sensititlityre was no reason not to collect a bright fieldge in addition to
the quantifiable fluorescence intensity image. ™RFC has been intentionally designed as a micpesctage

insert such that it can readily be deployed onrotheLSMs including commercial systems.

3.3.3 Data Acquisition Components

The MPFC was designed to be a modular systentthadl interface with existing laser-scanning system
either home built or commercially available. MPLSKve extensive proprietary electronic and softveaianning
routines that would be expensive and unnecessamhéoMPFC software to replicate. Instead, the MBB&ware

is built as a modular set of libraries that carcéked by or interfaced with a commercial packdg®. the prototype
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system we used a laser scanning software packaigeS@an, developed at LOCI and deployed in a wéagye of
biological studies [71-74]. While WiscScan doeseéhaome novel features that are particularly waitiesl for our
application, the majority of the core acquisitiamétionality is representative of a commercial MRLBackage.
Thus the WiscScan-MPFC integration is useful nolly aas a standalone entity but also as a case didy
deployment with other MPLSM control systems.

The majority of the MPFC features, such as simeltars acquisition of transmitted images and
multiphoton fluorescence data, image zoom and iatem (averaging) functionality are standard corgotds of
any MP system (including the LOCI instruments). eTiajority of the MPFC software development invdlve
adding a real time quantitative readout of the flsmeam on the MPFC for real-time morphology anerisity
analysis. The MPFC departs from traditional floytoeneters in that an image is displayed in reaktohthe flow
stream rather than a plot of the intensity aloféis is advantageous but a quantitative readotheifntensity and
other particle properties is still needed. Rathantdevelop a proprietary solution for this, tlsathard coded” into
WiscScan, we opted to develop an open source mdoludPFC display and analysis that could interfadéh any
MPLSM software package (using WiscScan as thecest). This module provides a real-time softwanaysis
display so that when the multiphoton images aréectdd of the flow stream, a quantitative readsudisplayed
simultaneously. The open source ImageJ softwar&agec (NIH) was chosen as the toolkit for this medul
development because this popular package alreamyded most of the functionality for this type afaysis and
had the added advantage that any developed codi# lmeuun within WiscScan at runtime, or offline aplug-in
within ImageJ. Other analysis functionality inclogi existing flow cytometer analysis approaches frim
community at large, can easily be added by usiegsdime conduit and existing plug-in and macro fanatity of

ImageJ.

3.4 Instrument Validation

In order to validate the functionality of the MPBEsign, a variety of tests to examine the physibalacteristics of
the system as well as the applicability of the MPw&e performed to assess fluorescence of larggeclear
Fluorescent beads were used as uniformly sized;biwagical standards while mouse EBs were usedras

example of cell aggregates, or microtissues.
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3.4.1 Control of Sample Stream Width via Hydr odynamic Focusing

Hydrodynamic focusing is the process by which tlwids under laminar flow and in common containmeetain

as separate streams based on differences in dewisitpsity, the dimensions of the containment gkssd/or
velocity. This process is commonly used in floytoenetry to alter sample stream dimensions withfioa cell
without constructing multiple flow cells of diffenedimensions. Here, a horizontal flow cell wagmoiabricated as
described abovd-{gure 3.2A). Sheath and sample fluids were delivered usyngge pumps connected to the flow
cell with tygon tubing at rates of 100 — 1Q@d0min and 50 — 50@u/min respectively. To determine the range and
variability of the sample streams possible in dowfcell, we modified the sheath to sample velocitio from 2 to

15 and measured the width of the resulting samipéas. The sample stream was distinguished fraamfltw
stream by incorporating fluorescein into the sanflpiiel (Figure 3.2C). Sample streams of 300 — 1600 pm could

be reliably achieved and precisely correspondedddeled predictionsgure 3.2D, R? = 0.98) [61].

3.4.2 Validation of Optical Acquisition using Polystyr ene Beads

Intensity image data acquired from a sample flgvthmough the MPFC system may vary from static mesasents
of the same sample if the data acquisition ragower than the sample speed per unit time oreiffthidic system
mechanically disturbs the sample as it passes ghrthe flow cell. To test the former, we introddqaolystyrene
beads of known diameter (100, 200 and 400 um) tiloMPFC system at maximum volumetric flow rate((30
ul/min, ratio of sheath to sample = 2) and measthedliameter of bright field images of flowing bea Increased
bead dimensions would indicate an insufficient ima@pture speed. Using acquired bright field irsagee
compared the average diameter of the flowing pdjouna of beads to the average diameter of the gapalations
prior to introduction into the MPFC system. Fdrkadad populations, the MPFC mean diameter (194+207 +

8.9 and 408 47.1) did not vary significantly from the statican diameter (115 6.4, 207_48.6 and 402 45.8:P

= 0.69 P = 0.91 P = 0.08, respectively); Figure 3.3A-C). To further confirm that the electronics andadat
acquisition system provided appropriate acquisispaed to accommodate the maximum flow of the MBy&=Zem

(and to ensure events are not missed) we meadweaddan intensity of individual polystyrene beadmled with
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Figure 3.2 A microfabricated flow cell to accommodate largerticles. Sheath and sample volumes were
introduced into a PDMS microfabricated flow celldaffow rates were controlled via syringe pumps. TAp-down
view of the microfabricated flow cell. Featurestbé flow cell include waste output/reservoir dregpmple input
and sheath input, and an interrogation point whgpdcal analysis occurs. Scale bar, 5 mm. B) Topu
photograph of the flow cell housed in the modutage insert. Features of the stage insert incluskerias of tubing
adaptors that allow the flow cell to be easily atitie and removed from the MPLSM system. C) Hydradyic
control of the sample path. Images captured uttiegWiscScan software illustrate how varying theath to
sample flow velocity ratiosy, alter the width of the sample stream. D) Congmariof the predicted focused width
with experimental data at different ratios of sheadlumetric flow rate to sample volumetric flowteg100-1,000

and 50-500 pL/min, respectively). Model predictiavere based on those previously published [61].
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Figure 3.3 Size and intensity of fluorescent, polystyrenadse using the MPFC system. A) Accuracy and

Normalized Fluorescence (a.i.u.)

precision, using bright-field optics, of bead simng MPFC compared to bead size discerned usmd/MhLSM
system without flow (i.e., static). Bead size meead under static conditions did not vary from bsamt when
measured on the MPFC system (P = 0.69, P = 0.810.B8). B) Bright-field image of a 400 um beadienstatic
conditions. C) Bright-field image of a 400 um ba#ming MPFC. Lack of warping and elongation indécdata
acquisition rates were similar to the fluidic sae@ipeed per unit time and that the microspheresrexged
minimal mechanical disturbance. D) RelationshipMeen bead diameter and normalized fluorescenensity.
Best fit regression analysis was applied to theaskts and both static and MPFC conditions yieléebrsd-order
exponential relationships;?Rralues of 0.99 and 0.99, respectively. E) Flumease intensity image of a 400 um
bead (same bead as B) under static conditionsic Stadges were captured at the location correspontb the
maximum total intensity. F) Fluorescence intensitage of a 400 um bead using MPFC (same bead.adez)n
fluorescence intensity did not vary between statid MPFC acquisition modes for each bead size (F58, P =

0.72, P =0.74). a.i.u, arbitrary intensity uni&cale bar, 200 pum.
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fluorescein. As before, polystyrene beads of knalameter (100, 200 and 400 um) were introduced the
MPFC system at maximum volumetric flow rate (300muh, ratio of sheath to sample = 2) and the metnsity
of flowing beads was determined. The mean intgnsitues of the flowing populations were compaiethe mean
intensity values of the center-most plane of thmes@opulations prior to introduction into the MPBZstem. For
all bead populations (100, 200 and 400 um), the ®RBrmalized fluorescence measurements (8113+19.4 +
3.8 and 100 48.6) did not vary significantly from the statiormalized fluorescence measurements (7173+ 19.4

+ 4.5 and 100 46.7,P = 0.58,P = 0.72,P = 0.74);Figure 3.3D-F). The fact that intensity values in the flow
system did not differ from those in static imagedi¢ates sufficient image capture speed. In aslditihese results

suggest there is limited sample movement withindliecal plane during fluidic delivery.

3.4.3 Validation of Detection Depth

To determine whether the MPFC system was capablgenérating information related to the interior
portion of large entities by deep optical assessmea mapped the mean fluorescence intensity ametibn of
bead size using the data obtained above. |If detedf fluorescence in the interior of the microsph were
possible, one would expect an exponential trendvéen the size of the fluorescent sphere and thdtesmi
fluorescent signal, by capturing a true represamaiross sectional area, and not simply surfaseréiscence. One
of the unique aspects of multiphoton fluorescendagtation is its ability to probe deep into tisssections, which
can be attributed to the fact that light scatteiegas an inverse function of wavelength. Assltethe infrared
light used in MPFC obtains much higher depths afepeation than single photon excitatio®@ther commercial
flow systems with fluidics capable of handling larparticles cannot detect fluorescence in the iottef large
entities and so the relationship between size amateiscence is linear (Union Biometrica, COPAS eys{23]).
These results indicated that the COPAS system les tabassess light emission corresponding to csessional
circumference and not cross sectional surface awghen conducted with the MPFC, an exponentialtisahip
was observedHigure 3.3D), confirming the ability of the system to non-isigely probe the interior of large

entities in an enhanced-throughput manner.
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3.5 Assessment of Biological Applicability

3.5.1 Capacity of the MPFC to Analyze Stem Cell Aggregates

Cells are dynamic entities that are susceptiblméchanical forces and so the analysis of celilserMPFC
may differ dramatically from that of polymer beadsor example, cells are impacted by shear foreeemted as a
consequence of flow. Multicellular aggregates peeticularly susceptible as intercellular connetticcan be
disrupted by forces of ~ 0.6 pdynes/connectionppreximately 6 pdynes/cell [75-76]. If such cornti@as are
disrupted, biologic activity and ultimately therajie utility might be compromised. Thus the MPRGtem was
designed to reduce shear forces to less than @&l ¢guD.6 pdynes/cell. In addition, cells, espicistem cells,
express many cellular and extracellular bindingepéars (i.e., cadherins, integrins) which can miiesn “sticky”
as they are transported through the flow system.d&termine whether stem cell aggregates would dxshamically
disrupted using the MPFC system, we generated mBBseand measured the diameter of each EB befarangd
and after introduction into the MPFC system. EBsdiin these studies were 8 - 12 days old. BedaBsecan vary
in size due to variation in seeding density, timesuspension and user technique, the measured tdiamas
normalized to the mean diameter of EB populationseach day of analysigigure 3.4). The normalized size
distribution did not vary significantly for EBs dgaed during (1.06 ©.04,P = 0.05) or after flow (1.02 8.03 P =
0.29) when compared to EBs prior to introductioto ithe MPFC system. Standard deviation for EB gias less
than 13% of the total size, indicating high praxisof the MPFC system given the biologic naturdéhaf samples.
In addition, bright field images were examined doidence of frayed (disrupted) cell aggregatese mlean fraction
of EBs exhibiting fraying or loss of a defined berdffecting at least 25% of the perimeter washslyghigher in
samples examined post-MPFC compare to samples padmie-MPFC (13% $2%, pre-MPFC, n = 177 and 25%
+ 12%, post-MPFC, n = 171, in 5 trials) but thisfelitnce was not statistically significaf® € 0.18). Thus, the

composition of the fluidics system inflicts mininrakechanical disruption to these multicellular eedit
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Figure 3.4 Size of EBs using the MPFC system. A) Accuraag precision of EB size using MPFC compared to
EB size discerned using the MPLSM system withoavf{i.e., static). Measurements of EB size, usiright-field
optics, were made prior, during, and following @atuction of the EBs into the MPFC system. Standidation
for EB size was less than 13% of the total size.sE® discerned under static conditions after MElECnot vary
from EB size discerned using the MPFC systé&n (0.05 (pre versus MPFQY,= 0.29 (pre versus pos§,= 0.13
(flow versus post)). EBs were introduced into kheFC at a volumetric flow rate of 200 pL/min, whisdmained
consistent between experiments. B) Bright fieldges of pre-MPFC static, MPFC, and post-MPFC stais.
Multicellular aggregates maintained original morfolgy and defined peripheral border during and adtealysis

with MPFC. Scale bar, 200 pm.
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3.5.2 Detection depth of MPLSM

Three dimensional tissues are difficult to analhout disaggregating or sacrificing the specinaurg to
their relatively dense compositions and high scat®perties. Using confocal microscopy as a wefined
technology for deep optical sectioning, we sougtddmpare the depth at which MPLSM is capable oftierg and
detecting NADH endogenous fluorescence intensitthiwiEBs. Serial z-stack images were acquired ftbm
surface (i.e. coverslip) to the center of the EB&g a Nikon Eclipse Ti inverted confocal microseofrairie
Technologies, Middleton, WI) and our MPLSM. EBs weémaged individually in 9x2 microwell slides tosass
their morphology and attachment overnight afteedaxposure on both systems. Normalized averdgaesity was
measured in regions of interest where fluoresceéntnsity is diminished the most when imaging deepé&
microtissues. The maximum values of mean fluomseeantensity per unit area were found to be 12gnch 16
pm, on the confocal microscope and MPLSM, respelti(Figure 3.5). Half of that maximum average intensity
was lost at 22 um on the confocal, while half @& thaximum is lost on the MPLSM 38 microns into E2. In
addition to deeper optical penetration, all EBsasqul to multiphoton excitation attached to micrdvpdates
overnight, whereas those exposed to single photoitaion at 405nm did not attach to microwellsjigative of
aggregates containing a significant amount of @dedith. Though signal attenuation due to scattasirghurdle to
analyzing cell aggregates due to their tight pagkémd density, MPLSM can probe deeper than a cahfoc
microscope when measuring NADH in EBs, while alsesprving EB viability, allowing for long-term culte and

functional assessment of populations.

3.5.3 Comparison of M ean Intensity per unit Area vs. Mean Intensity per unit Volumein EBs

To determine the z-plane that would most accuratdigct the fluorescence intensity of an EB thromgt
its volume, we took serial z-stacks from the colerg=0) to 35 um deep (where signal loss at #mter of an EB
can be observed) probing for the intrinsic fluorogh NADH. The intensity of every pixel throughdbe 35 z-
sections was averaged for the volume measuremdrgudsequently compared to the average intensiasuoned at
single optical sections of 5, 20, and 30 um de@fe found the z-slice at a depth of 30 um was thetraocurate
estimation of the volume measurement, with a liréape of 1.03 and an’®” 0.99, whereas measurements at the

surface of the EB were an underestimation and nmeasnts at 20pum were an overestimatiigyr e 3.6).
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Figure 3.5 Comparing depth of optical penetration using MPLSersus confocal microscopy. NADH
fluorescence intensity was detected in opticalisastof EBs taken at 1 pm increments from the csligerof
imaging dishes to 50 deep into EBs. The graphatephat the maximum fluorescence intensity is aedqudeeper

into the specimen using MPLSM when compared toazaifmicroscopy.
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To determine the total area measured at such atipiseve applied the following formula measuring tadius, 1,
of a cross section of height h within a sphereadius r:

3 (h? +73%)
"= "2n

For example, at a height of 30 pm within a 200phesg, § = 0.71r, corresponding to an area 51% smaller than
center plane of this sphere. As particles getdiidigis area at 30 um becomes smaller, and lesss@qtative of the
volume measurement, while measuring particles smaian 200 pm in diameter will result in a grestesa

compared to the center plane and becomes moresegpative of the particle.

3.5.4 Analysisof Extrinsic Fluor escence of Multicellular Agaregates via M PFC

One of the primary challenges of stem cell researud clinical application is the generation of fiad,
mature cell types after differentiation. To thisde many researchers have established reporter ctéintines
coupled to lineage-specific promoters. While exiiegly valuable, lacking is the ability to detelbese reporters in
multicellular aggregates (including EBs) in an emded-throughput manner and to sort based on théstilen. The
MPFC system has potential to address this needdet@rmine whether extrinsic fluorescent reportdrstem cell
differentiation could be detected in EBs, meanr#soence intensity of alpha-Myosin Heavy ChatMHC)::GFP
transfected EBs and non-transfected EBs, was dietednusing the MPFC.  Alpha-MHC expression irstbase
indicates differentiation of a subset of embryosiiem cells to spontaneously contracting cardiomigscy Using
the culture protocol described in the methods sectin estimated 30-70% of EBs undergo cardiaerdifitiation
and so will contain GFPregions (data not shown). GFP fluorescence wéectal with the laser set for 890nm
excitation wavelength and a 525/30 band pass emidter. Mean fluorescence intensity of transéecEBs did
not differ significantly before, during or after ME (46.1 +24.6, 42.5 +24.7, 39.6 +29.3 respectively? = 0.47
(pre vs. MPFC)P = 0.24 (pre vs. postR = 0.60 (MPFC vs. postligure 3.7). In addition, the data were analyzed
to determine whether the GFRaction detected with MPFC corresponded to tle¢cted using static MPLSM. To
this end, a gate based on mean fluorescence itytevess$ established to exclude ~ 95% of non-transteEBs; thus
events exceeding the mean fluorescence intensitiyeofate value (dotted vertical line on histogiglots, Figure
3.7) were deemed GFP The fraction of GFPevents of the EBs from theMHC::GFP line, pre-MPFC, MPFC,
and post-MPFC were 66%, 60%, and 46%, respect{f@bure 3.7). The post-MPFC fraction is substantially less

that the pre-MPFC and MPFC values and likely reéfl¢ice suboptimal conditions in which the EBs were
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Figure 3.6 Comparison of mean intensity per unit area vsammmtensity per unit volume in EBs. Images
measuring NADH fluorescence intensity were takedah increments from the coverslip of imaging dsshe a
depth of 35um into EBs. The mean intensity of 3l@es at A) 5 um, B) 20 um, and C) 30 pm deep were
compared to the mean intensity of the volume spanaidepth of 35 pum and linear regression linéckblines)
were assigned to the corresponding scatter pldtse red line corresponds to a linear regressiond,ofvhich

represents an ideal scenario of estimating themweltic fluorescence intensity with a single optisattion.
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maintained after flow. These conditions includiutéid media as a consequence of merging sheatlsamgle
streams in the collection vessel and uncontrolleiperature and gas exposure in the collection kessbe
similarity in proportion of detected fluorescentgaggates between the pre-MPFC and during MPFC tiondi
indicates that extrinsic fluorescence of stem eglijregates can be reliably detected by the MPF@sys an
enhanced throughput manner. Future adaptationsicarporate a sterile sorting mechanism with cdlgdo
nutrient, temperature and gas exposure will prasy wseful for the generation of mature cell tyfasanalytical

study and clinical application.

3.5.5 Analysisof Intrinsic Fluor escence of Stem Cell-Derived EBsvia MPFC

Continued advances in stem cell research and aliajgplication depend on the discovery of non-ixas
endogenous biomarkers (as opposed to extrinsiasimg markers, including the GFP reporter systestiibed
above) to discern stem cell status and differantiastate at both the single cell and three-dinmradi (i.e., cell
aggregate or tissue construct) level and to sopujadions based on this assessment. Multiphotoorescence
Excitation (MPFE) based approaches have been showe able to detect differences in the intensftintrinsic
fluorescence between cells in different functiostaltes [73, 77-78], including between stem celt$ mature cells
[79-80]. So, in principle, the MPFC system shobé&l capable of the same in enhanced-throughputtedtothis
possibility, we introduced 8 — 12 day EBs into MEFC system and probed for intrinsic fluorescemsest likely
from NADH, using 780nm two-photon excitation. Me#lnorescence intensity was determined for EBs s th
context before, during and after MPFC analysis.aimtrinsic fluorescence did not vary between dtoms (91.8
+ 35.0, 86.8 +36.7 and 85.2 B4.7 respectively? = 0.55 (pre vs. MPFCR = 0.46 (pre vs. postp = 0.89 (MPFC
vs. post);Figure 3.8A), however the standard deviation was substantiédliz. Variation was not a consequence of
manipulation or an artifact of the MPFC systemfesintensity distribution was similar for all cotidns (Figure
3.8B, C). Indeed, high variability was anticipated as E&sdtured in this manner begin maturation in an
uncontrolled temporal and spatial fashion and fleeeewould be expected to elicit different metabaliemands
depending on the phase of development. It is pecithese differences that we hope to capitalgmnuo employ

intrinsic fluorescence as an indicator of stem eialbility and differentiation status.
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Figure 3.7 Extrinsic fluorescence intensity of EBs using MEFC system. The Ti-Sapphire laser was tuned @ 89
nm to excite GFP and a 520/35 band-pass emisdtenias used to exclude autofluorescence. A aosfected
mMESC cell line (D3) and an-MHC::GFP transfected mESC cell line were used ¢oegate EBs. Histogram
analysis of GFP expression of EBs A) pre-MPFC, BJAZ, and C) post-MPFC. Two separate experimente wer
conducted and approximately 50 EBs were analyzedcpedition (i.e., before, during, and after MPFChe
maximum background intensity was defined such #&b of the nontransfected EBs expressed mean oenee
intensity levels below this intensity level (line histogram). The percentage shown, indicatingfrdetion of EBs
derived from transfected cells expressing GFP, determined based on the background level. Repsent
images of D3 andi-MHC::GFP mESC-derived EBs, located directly adjct the corresponding plot, are
provided for each condition. Color bar representantified intensity levels from 0 (black) to 25§rden). a.i.u.,

arbitrary intensity units. Scale bar, 200 pm.
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Figure 3.8 Intrinsic fluorescence intensity of EBs using MBFC system. The Ti:Sapphire laser was tune@@ 7
nm to excite the intrinsic fluorescent metabolN&DH. A) Mean fluorescence intensity of EBs befadaring, and
after analysis with the MPFC system. Mean fluoraseeintensity of EBs did not vary between acqusiti
conditions P = 0.55 (pre versus MPFCP, = 0.46 (pre versus postp, = 0.89 (flow versus post)). B) NADH
fluorescence intensity distributions before, duriagd after analysis. Standard deviations wittdnhecondition
described in panel A were large, and so the digioh of intensity between samples was comparelough the
distribution was large, the distribution profileddnot vary substantially between conditions. CpiReentative
images depict NADH intensity acquired pre-MPFC, MRFRnd post-MPFC. Localized differences in intiins
fluorescence were detected in all three conditidhe color bar represents quantified intensity llefiem 0 (black)

to 255 (white). a.i.u., arbitrary intensity unigcale bar, 200 um.
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3.6 Discussion

Motivated by the unique challenges of studying stetits, we generated and validated a proof-of-cphce
multiphoton flow cytometry (MPFC) instrument, capeabf accurate, non-invasive and enhanced-throughputaipti
analyses of living single cells and multicellul@gaegates or bioengineered constructs. The insintim composed
of a flow cell through which large particles streamstpa light interrogation point, an optics systenthwi
simultaneous transmitted and multiphoton excitatiapability and data acquisition software to prevareal-time
qualitative and quantitative readout data. In fhit study with the MPFC, we focused on analydistem cells,
however the system is equally capable of analyoihgr cell types including pancreatic islets anuipyoblastoid
cell lines (data not shown). The componesftshe system were explicitly designed to garnesyeaccess to the
system by both research and clinical laboratoriEse integrity of a range of widths (300 - 1600 pohihe sample
stream, speed of image capture and accuracy ofdmsagture were confirmed. In addition, we shoviabdé
determination of expression of GFP, a fluorophox&imsically incorporated into the cell genome, asll as
NADH, a key metabolic coenzyme endogenously exprkds cells. Moreover, NADH fluorescence intensitgs
measured using both the MPLSM and confocal micimgcand it was determined that the MPLSM couldfaict,
probe significantly deeper into the stem cell aggte. Additionally, MPLSM could maintain signaltime center of
particles at a greater distance from the coverign the confocal microscope. Lastly, serial zisest were
compared to single optical z-sections, and it weteminined that at a depth of 30 um, mean intesitile volume
compared to the area measurement were stronglglated (R > 0.99).

The MPFC system can detect extrinsic and intrifisiorescence deep in the interior of beads and cell
aggregates. This ability is particularly usefut ftem cell research because one of the primarleciges of the
field is the generation of purified, mature cepég after differentiation in a three-dimensiongaization, whether
that be part of a multicellular embryoid body ortere in three-dimensional constructs, such as rpelyand
extracellular matrix-based substrates of a bioeswgied tissue construct. To this end, many havablksted
reporter stem cell lines coupled to lineage-spegfomoters. While exceedingly valuable, lackiaghe ability to
detect these reporters in the culture modalitiesecily used to most efficiently generate differated cells because
traditional sorting techniques rely on single cakthodologies. Removal of cells from the culturedatities for
traditional analyses is known to alter cell ff8&-82] thus a system, such as the MPFC system which picaby

characterize the cells prior to removal, is a sufitsl advance. Here we show that extrinsic flaoeat reporters of



cardiac differentiation of embryonic stem cells ¢sndetected within EBs. The noninvasive deptpesfetration
and excellentsignal to noise ratio afforded by multiphoton eatidn yields fluorescence images that are more
representative of the entire EB than those obtainéth standard epifluorescence microscopy or caafoc
microscopy. TheMPFC retains the 3D benefits of MPLSM and harnedisis in a flow context.

We have characterized the functionality of the MP&fl its applicability to flow analysis of cellular
aggregates. The biomedical and clinical applicatd the MPFC system will be significantly enhanded the
added capacity to sort cells and multicellular teegti based on optical properties discerned by jistes. For
example, EBs expressing lineage-specific repofssescribed above) at high levels could be arifrom their
counterparts. Molecular profiling could then bendocted on the purified population to discern aliegene and
protein expression levels which could be furthemplayed to better understand stem cell biology, amdye

practically, to develop better means to efficiemtiguce and control stem cell differentiation.
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CHAPTER 4
Validation and Optimization of Microfluidic Sorting M echanism

4.1 Specific Objective 2. To sort multicellular entities based on characteristics detected usng MPFC
Hypothesis: A novel, microfluidic-based sortingahanism can be incorporated into the MPFC desigoutify

populations of large particles (thereby addresstitgrion D).

Analysis of cell populations within aggregates or @atrices have been mostly limited to low-througthp
technologies, which typically require destructiohtbbe sample (e.g., immunofluorescent staining anédging,
western blot, PCR). Still needed are accessitd¢fqsms for purification or sorting of large paléis based on
analysis parameters. Purification of cell aggregair 3D engineered tissues would be beneficiahfany basic
biomedical research and clinical applications; epd@s include, enabling large-scale screens of 3&nhptypes and
transplantation of more refined, therapeuticallpdfecial cell fractions.

For several decades, single cells have been effigipurified using fluidic sorting techniques, hever
purification of intact cellular aggregates or 3Dcmtissues (i.e., large particles, > 100 um) hasnbdifficult.
Purification of large particles requires a coortidhinterplay between controlled particle delivedgtection of
particles or attributes of particles, and subsetjueovement of particles based on those detectioanpeters.
Common cell separation techniques such as magaetivated cell sorting (MACS) and affinity chromgtaphy
columns rely on antibodies or capture moleculesotd cells. Typically, size exclusion prohibitdiandies or other
capture molecules from penetrating the centerrgelgarticles, which limits labeling to cells atregar the surface.
Consequently, purification is based on charactesisof cells at or near the surface and does noessarily
accurately reflect the characteristics of the engarticle. For these reasons, sorting of largéighes has been
restricted to characteristics derived from opticased, cellular resolution detection of basic estd cues (i.e. cell
permeant dyes [23]), genetically modified cell Brexpressing fluorescent reporters or intrinsigprtes (i.e. size,
shape, autofluorescence).

Despite the limitations in measuring and sorting Birotissues, there are ongoing efforts to design
efficient large particle sorting mechanisms, inthobmmercial instruments [19] and microfluidic dms [34-35]
(as reviewed in Chapter 2). Future improvementsunfy large particles would include sorting basedoptical

detection of fluorescent labels or autofluoresceatecules of cells of large particles. Microfliddechnology is a
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promising approach for optical-based, large partidrting because (1) the microfluidic flow cellngxpensive and
fabrication is accessible to many research laboest@nd (2) the flow cell can easily be added wide range of
microscopy systems. We are particularly interestedeveloping a sorting system that can be coupdedur
recently developed, enhanced-throughput multiphdbow cytometry (MPFC) system which is capable efed
optical penetration of large aggregates in the ednf flow [5]. In this study, we focus on a nofluidic-based,
electromechanical device for sorting large parsiclee., large particle sorting device, LaPSD) thafs the
modularity and versatility needed in order to baemled with our MPFC system and other custom andneceraial
microscopy platforms. This new device is capalblefficient large particle sorting while maintaigircell viability

and long-term function.

4.2 Materialsand M ethods

4.2.1 Device Description

The LaPSD consists of a single sample input paitteo output ports (main and sortingigure 4.1A-C).
Prior to entering the device, particles are geatig continuously mixed by a floating, PDMS stir lraa 50 mL
conical tube to ensure homogeneous delivery ofghestto the flow cell $upplementary Figure 1, Appendix).
Particles are drawn through the flow cell via atwafe controlled syringe pump in reverse mode cadipb the
outlet ports (described below). Once deliveredh® flow cell, particles are subjected to asymmeturving
channels that use hydrodynamic forces to self-famugd separate particles [83]. This approach has hesed
successfully for analyzing small particles. Theigieseduces reagent consumption, reduces the caityplE the
setup, and allows for higher throughput. We hawlifred the design to accommodate large partidd@sed on
practical design rules for inertial focusing prengty described [84]. The height of the channdl rmm, the typical
flow rates utilized range between 400 — 1000 pl/(aifjusted to obtain a particle speed between D%¥@n/s), the
length of the channel is 6.6 cm and maximum andmim radius of curvature of the curving channeks 2mMmm
and 0.3 mm respectively. Theoretically, these flates and dimension parameters will accommodaticies in
the range of 140 um to 500 um [84]. The maximumtigla size is limited only by the height of thearimel and
thus larger particles could be accommodated witred channel dimensions. The procession of pestigasses
the optical interrogation point and upon opticatedéon of a desired event, sorting is triggerefictuation of

sorting is delayed to allow the particle to redoh dutlet bifurcation. At the time of actuatiohetmain outlet closes
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and the sorting outlet opens (1-3 s, time delaj;100 s, actuation time). Main and sorting outkats opened and
closed via software-controlled microvalves that mked to the syringe pump by way of an in-linegnnector.
After sorting, the sorting outlet closes and mairtlei opens. Sorted and unsorted particles arkeatet!l in
reservoirs coupled to the fluidic lines prior tcetmicrovalves to avoid clogging of the valves. Tdatlection
reservoirs are 15ml conical tubes, which are fileith 1X phosphate buffered saline (PBS) to mamtgiiving
pressure by avoiding air compression. A softwangtrolled three-way solenoid pinch valve (Cole Pernvernon

Hills, IL) is used to rinse the flow cell and fluidines between large particle samples.

4.2.2 Sorting Efficiency

Two separate polystyrene bead mixtures were emgltyeest the sorting efficiency of the LaPSD. For
Solution 1, the initial bead population consistéd~26% fluorescent beads and ~84% nonfluoresceat$efor
solution 2 the initial bead population consisted~8f% fluorescent beads and ~67% nonfluorescerdsbeBoth
solutions were prepared by mixing fluorescent pghgne beads with non-fluorescent polystyrene beagssuring
160 pm in nominal diameter (Duke Scientific Corgiona Palo Alta, CA). Aliquots of solution 1 wemsunted
with an Axiovert 40 CFL inverted fluorescence mixope (Zeiss, Thornwood, NY) and the concentratibn
fluorescent beads was determined to be 16%4%. The total concentration of beads of solufiomas determined
to be 18_+5 beads/ml. Aliquots of solution 2 were also dednand the concentration of fluorescent beads
determined to be 31% 3%. The total concentration of beads of solufowas 16 +5 beads/ml. Solutions were
loaded into the sample reservoir of the LaPSD dedLtaPSD was positioned on the stage to correspmmie
interrogation point of a multiphoton microscopy teys as previously described. Fluorescence levidieads were

determined using WiscScan acquisition softwdut&(//loci.wisc.edu/software/wiscsoaaf the MPFC system with

the following software and hardware modificatiolts accommodate electromechanical switching mechanism
required for sorting. In particular, particle siaad intensity parameters were set to identify ipas events.
When positive events were detected, the softwarea®&V signal to the DAQ card (National Instrunsgriustin,
TX), which rapidly (0.3 ms) switched the microvalstate. A user defined positive event cued botipuda to
switch states for a specified amount of time (dtbuatime). The time-delay functionality alloweduser to delay
the switch of channel state up to 3 seconds (witllisecond discrimination) after optical interrogat. After

sorting, beads were collected from sorting or nilmiw outlets and counted on a fluorescence micrpscoSorting
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efficiency or purity was defined as the number e$iced particles divided by the total number oftipkes in the
sorting outlet reservoir. To account for the adittoncentrations of desired particles, we als@tepn enrichment
ratio defined as the ratio of desired particlesridesired particles in the sorting outlet reserdoirded by the ratio
of desired particles to undesired particles intomdli into the sample inlet (determined by countiragtiples
collected in both outlet port$.able 4.1 [85]). The average sorting efficiency and the agerenrichment ratio were

established by first determining the efficiencyearichment per trial and then calculating the agera

4.2.3 Preparation of Cell Aggregates

HM1 mouse embryonic stem cells (Open Biosystemsytslille, AL) were used to generate embryoid
bodies (EBs) as previously described [5]. BriefBs were left in hanging drops for 3 days and timdroduced
into the microfluidic device. Approximately ondrthof all harvested EBs were stained using Celikesl™ green
(Molecular Probes, Eugene, OR). Briefly, EBs wensed in 1X PBS, and next incubated for 30 minate37?C
and 5% CO2 in cell culture medium without FBS, eiming 5 pM CellTrackét" green (Molecular Probes).
Stained EBs were mixed with unstained EBs to y@idEB suspension with ~33% of EBs fluorescentlyelad.
This solution was loaded into the sample resergbihe LaPSD. “Positive particles” were definedtlagse with
fluorescent label and the software was set to setwdth detection of a positive event. Sortingie@éncy and

enrichment ratio were determined as defined abowvedrting of fluorescent beadbable 4.1).

4.2.4 Cell Agaregate Viability and Functional Analysis

EBs were generated as described above [5] and l#ran hanging drops for 3 days. EBs were then
harvested and stained using CellTralkegreen (Molecular Probes, Eugene, OR). BrieflysB®re rinsed in 1X
PBS, and next incubated for 30 minutes &C3@nd 5% CO2 in cell culture medium without FBSjtaining 5 uM
CellTrackef green (Molecular Probes). Stained EBs were inited into the LaPSD, optically scanned using
multiphoton excitation and retrieved in the mairleuport. Collected EBs were counted, assessedhanges in
morphology, and subsequently plated on cultureased to assess attachment and ability to form apéas

spontaneous beating indicative of cardiomyocytetion.



40

Table4.1 Sorting efficiency and enrichment ratio of lafggystyrene beads and EBs

Input Sorting Efficiency Input Sorting Efficiency
Concentration (Output Enrichment Concentration (Output Enrichment
Trial (% Fluorescent Concentration; % , (% Fluorescent Concentration; % .
. Ratio . Ratio
Particle of Fluorescent Particle of Fluorescent

Total) Particle of Total) Total) Particle of Total)
1 21 100 44.5 31 68 4.7
2 20 100 20.0 39 100 24.7
3 11 85 42.5 39 94 25.3
4 12 82 33.9 33 100 6.0
5 32 79 8.3 29 68 5.1
6 34 86 11.4 33 100 14.0
7 29 85 13.6 41 86 8.5
8 28 69 5.7 33 82 9.2
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4.2.5 Statistical Analysis

For comparison of EB attachment, cardiomyocyte fioncin EBs with and without introduction into the
LaPSD and for comparison of sorting efficiency amtichment between devices and between types gé lar
particles (i.e., beads and EBs), a normal distidimuivas assumed and one-way analyses of variand®A\) and
Student-test were used. Data were reported as averag@ntlard deviation and were analyzed with JMPLFdD.
Windows (SAS Institute, Inc., Carey, NC). A 99%nfidence P < 0.01) interval was applied for statistical

significance.

4.3 Fluid Dynamic Profiles of the LaPSD

To begin to characterize the fluid microenvironmerperienced by large particles in thaPSD wall
shear stress incurred by the fluid in ttePSDwas determined. Newtonian fluids moving alongoldswall of a
microfluidic channel will sustain a shear stresarrtbe wall surface that is proportional to thecussty of the fluid
and flow velocity and inversely proportional to tbleannel height. Wall shear stress has long beeelated to
viability of cells that adhere to the wall surfd86] and cells that are suspended in flow chanjg3s38]. The level
of wall shear stress found to cause death of adhesd| types (0.1 — 1 Pa) [86] is much lower thiat found to
cause death of suspended cell types (100 — 50(BP&8]. This is not surprising since cells in geaission rarely
and transiently occupy the space near the walle@afty in this case in which suspended particles a
hydrodynamically focused to the channel center}liaed so do not experience the maximum shear stess
channel. The maximum wall shear stress of the afliddic sorting device is 0.08 Pa, which is twaders of
magnitude lower that the wall shear stress preljofsund to induce death of cells in suspension-88T.
However, large particles are prone to rolling altimg base of the channel if they are not hydrodyecalhy focused
in the z plane. In this case, wall-induced liftdes, created by squeezing of fluid between thergpand the wall
during contact, tend to increase drag in the doacdf motion [89]. In addition, large particlesnt to impact on
each other at dense particle concentrations [889though relatively dilute particle concentrationgre used in
these studies, particle-particle interactions &tievisible. A phenomenon known as drafting, kigsand tumbling
(DKT) is the dominant interaction of particles imetLaPSD [89-90]. Tis interaction camlirectly impact on the
viability and functional capacity of the cells af§e particles and typicallyccurs in channel geometries that impose

a high degree of vorticity and/or tortuosity. Thihg&se parameters were assessed in greater déhaitlitional
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microfluidic device designs were considered andse¢hwere evaluated as welupplementary Figures 2, 3;
Appendix).

Vorticity is a local measure of fluid rotation Wwitrespect to adjacent fluid. SolidWorks software
(Solidworks Corp, Concord, MA) models vorticity bmeshing a 3D volume of fluid into small voxels and
computing vorticity for each voxel. Vorticity is\g&ector and has velocity component and rotatiooahmonents.
Vorticity calculations for the device were conduttasing SolidWorks Flow Simulation Software (Dadsau
Systemes, SolidWorks Corp, Concord, MA). The contplot (Figure 4.1D) reports the vector as a positive
number in rad/s (or§. The contour plot shown in Figure 1D is a 2Dtisecof the 3D fluid volume in theaPSD
These sections are located at the mid-height otllamnel. The fluid in theaPSDexhibits a relatively high level
of vorticity during main flow and with sorting (148", but not substantially different from alternatidevice
designs known to maintain cell viabilitySupplementary Figures 2, 3; Appendix)

Tortuosity is a measure of the divergence of & fram a straight line and is defined here as #im rof
the length of the particle path to the length @& $traight-line path from the particle inlet to therticle outlet (i.e.,
arc/chord ratio). A depiction of the device shogvihe particle path and the straight line pathhisve inFigure
4.1E. The arc/chord ratio of tHeaPSDwas 1.49 and so substantially higher than altermatevice designs known
to preserve viability. Given the increased torityosf the microfluidic sorting device and the peosity for fluid
dynamic forces to compromise cell viability by imtepting cell-cell and cell-matrix interactions dod by

damaging cell membranes, we sought to test theliyatf cells of large particles after transit tugh theLaPSD

4.4 Viability and Function of Stem Cells of L arge Aggregates after Flow through the LaPSD

To test whether the additional forces imposed kg thPSD, due to increased wall shear stress, itgrénd
tortuosity, would compromise viability of cell aggates, we introduced fluorescently labelled, stethaggregates
(i.e., EBs; n = 21, 28, 32 in each of three sepagaperiments) into the sample inlet at a maximetametric flow
rate of 800 pl/min. EBs were optically detectethatinterrogation point and then collected andhted at the main
outlet. It was determined that 92%8% of EBs were recovered and of those EBs recdy&#&46 +3% attached to
2%, P = 0.60, Figure 4.2). The stem cell line used to generate the EBs&atrong capacity for forming
spontaneously beating areas (indicative of cardamyte differentiation) when exposed to qualifieduse. Thus,

we counted the number of EBs that gave rise targpateas after flow through the device comparecbiarols (no



43

100 A

mmmm | gPSD
——= Control

o
(@)

(@))
o

D
o

% Total EBs

N
o

Attachment Beating Areas

Figure 4.2 Viability and long-term function of stem cell aggates following flow through the LaPSD.
Fluorescently labelled EBs were introduced into deice through the sample inlet, optically intgated and
removed via the main outlet. After removal, EBgavplaced in culture plates and the number of EBs dttached
were counted and reported as a percentage of thientomber of EBs plated compared to control EB# there
generated at the same time, but placed immediatedtatic culture dishes. In addition, EBs weezked over time
and the percentage of EBs with functional cardiocyy®s (i.e., beating areas) was determined. Attact and
beating functionality were not significantly altdreith flow through the LaPSD compared to cont{®s- 0.60 and

0.33 respectively). Error bars correspond to sieshdeviation from the mean.



flow). The capacity to form beating areas by dayf 8ifferentiation (5 days post plating) in EBseafflow through
gelatin-coated culture plates. This percentagenséastatistically different from attachment of tah EBs (98% +
the LaPSD (16% 8%) was not statistically different from controB& (14 _+2%, P = 0.33). Thus EB attachment
and differentiation potential did not differ betwethese groups suggesting flow through the LaP$nhdit alter the

viability and ultimate function of stem cells ofdee aggregates.

4.5 Sorting efficiency of the LaPSD

4.5.1 Sorting fluor escent vs. non-fluor escent polystyrene beads

To test the ability of the LaPSD to purify poputets of large particles we introduced bead popuiatio
with a known fraction of fluorescent and non-fluscent beads. The size distribution of the polysigrbeads,
based on specifications of the manufacturer, w&s+Ll% um, with a coefficient of variation of 2.2%. Weasured
the cross sectional area of the beads using tHet@sain ImageJ [60] , in a similar fashion to nseeement of cell
aggregate size, and determined the average diatdber157 +3 um, with a coefficient of variation of 1.9%. &h
measured bead diameters were displayed in a histogo demonstrate the relative uniformity of thenpkes
(Figure 4.3A, B). As a result, tight focusing is accomplishedhia LaPSD, with spheres of relatively uniform size
and shapeHigure 4.3C) . The valve corresponding to the sorting inlet wasi@ed upon detection of a fluorescent
bead and the final fraction of fluorescent particla the sorting outlet was reported as the soréffggiency
(“positive” selection) and was the concentratioedito determine the enrichment ratio. Sortingcafficies of 92 +
10% (solution 1, n = 4 trials), and 808% (solution 2, n = 4 trials) were attained usthg LaPSD. Moreover,

enrichment ratios of 35.2 #1.1 (for solution 1), and 9.7 35 (for solution 2) were achieveligure 4.3D).

4.5.2 Sorting Fluor escent vs. Non-Fluor escent EBs

To test the ability of the LaPSD to purify poputetts of large cellular aggregates, we generatedkachsuspension

of fluorescently labelled and unlabelled EBs (33orfescent:67% nonfluorescent, similar to bead taoiu2
above). Two separate EB suspensions (or group®) generated in this way and prior to each triat éhtrials for
each group, n = ~ 75 EBs per trial) the relatize distribution of EBs was determined (group 1, méameter =
247 +20 um; group 2, mean diameter = 2982um) Figure 4.4A, B). Size and shape of cell aggregates are the

primary determinants in the ultimate particle vétpc For an estimation of particle velocity, stand curves were
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made varying both volumetric flow rates and knovatyptyrene bead sizes(Appendix). Two separategEBIips
were used to test the ability of the instrumentefficiently sort various size ranges of particleghwinherent
differences in particle velocitiegigure 4.4C). Sorting efficiency obtained for group 1 was9©15% and group 2
was 84 +13%. Group 1 EBs had an enrichment ratio of #512.4 and group 2 EBs had an enrichment ratiodf 9.
+ 2.6 Figure 4.4D). Sorting efficiencies and enrichment ratios oftbgroups of EBs were statistically similar to
that of bead sorting results with similar startiogncentrations of fluorescent particles (i.e., bsatution 2

compared to the 33% EB solution).

4.6 Discussion

Motivated by the growing need to purify populaticofslarge cellular aggregates or microtissues, \& ne
microfluidic, electromechanical, enhanced-throughgrting devicetermed LaPSDwas designed and evaluated
based on its ability to preserve cell health amdidyhigh sorting efficiencies. Device optimizatioas driven by the
primary objective of our laboratory, to assesscalls within a stem cell aggregate in an enhanbealdghput way
and to purify aggregate populations based on #8gssment. Several other applications can beieneds which
would benefit from the ability to rapidly purifyrige particles in the fields of basic cell biologydeclinical therapy.
The LaPSDwas designed with several important features tanpte ease of use and elevated sorting efficiency.
First, the asymmetric curving channel allowed fbeah-less particle focusing. Elimination of shefitiid was
important because it decreased the lateral disteatpgred to divert a particle upon selection. Wihaé&empting to
divert particles across the sheath stream (sematiee designsAppendix), trailing particles were often diverted
and so increased the percentage of contaminatingwanted particles in the sorting outlet/reservadir addition,
disrupted sheath flow could alter the flow pathted sample stream and thereby push subsequertl@amiutside
of the interrogation region. In this case, wargadicles were often missed. Second, a time deks/incorporated
between the time of optical detection and the tohactuation of the sorting valve to improve sagtiefficiency.
The time delay was necessary because channel donenat the point of optical interrogation (distal the

asymmetric curving channel) were increased thriktéoeffectively decelerate particle velocity ttcammodate
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Figure 4.3 Sorting efficiency and enrichment ratio of polyshe beads. A) Histogram depicting the distriuinf

bead diameters in a representative fraction ofrlscent and non-fluorescent polystyrene beads. siied bead
diameter (157 8 um) did not differ statistically from manufaatuls specifications (158 3 um). B) Bright field
image of polystyrene beads. Scale bar = 200 yjrSuGhmation of temporal image series of beads figwhrough
the LaPSD. Fluorescence intensity images of bemds taken every 0.2 s and ~3000 images were méogeeate
the image shown. The minimal deviation of fluoesste intensity from the center sample stream loveveys the
ability of the LaPSD to effectively focus particleith uniform size. Scale bar = 200 um. D) Sortafficiency and
enrichment ratio of bead populations consistingflobrescent and nonfluorescent beads. Solutiorttdined

significantly higher enrichment ratios due to a I®tarting concentration of fluorescent beads; thEsult

demonstrates the ability of the LaPSD to effectivelirify particles from relatively dilute startimgpncentrations

akin to rare cell populations. Error bars corregpto standard deviation from the mean.
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Figure 4.4 Sorting efficiency and enrichment ratio of emhdybodies. A) Histograms depicting measured EB
diameters for two separate groups of EBs. Measmeah EB diameter were 24728 um for group 1, and 295 +
12 um for group 2. B) Bright field images of EBScale bar = 200 um. C) Summation of temporal arsayies of
EBs flowing through the LaPSD. Fluorescence irtgrimages of EBs were taken every 0.2 s and ~20@@es
were merged to create the image shown. The dewiafi fluorescence intensity from the center sarsprieam line

is more diffuse than that observed for beads riéflgahe higher variability of size of EBs and téfare greater
perturbation of flow. Scale bar = 200um. D) Sagtéfficiency and enrichment ratio of EB groups canagl to that

of bead solution 2. There was no significant dédfece between sorting efficiency or enrichmentosativhen

comparing beads to either group of EBs. Error bareespond to standard deviation from the mean.
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the relatively slow scan speeds (~5 frames/sech@fMPFC system. Channel dimensions were subs#dguen
decreased to accelerate particle velocity and dser¢he volume of fluid that would change directthming a
sorting pulse. In addition, a 5 mm separationagise from the interrogation region to the sortirifyrbation
ensured that a sorting pulse would not alter the fbath of particles at the optical interrogatiarin. Third, the
LaPSD functions without an additional pressure seuo divert the particles, thereby reducing unssaey stress
that may be harmful to the structure of cellulagragates. Instead, particles are diverted by sirspitching the
direction of the particle path while maintaininguaiform internal pressure within the microfluidievdce and
consistent particle positioning along natural stiki@es. The exclusion of a pressure source tortparticles also
reduces manufacturing complexity, reduces volunigsagents needed and improves accessibility oaliiéy to

be replicated in other laboratories.

One potential drawback of the LaPSD is the requimeinof precise particle velocity to define the time
delay from interrogation to sorting. If preciseogeetrical measurements can be made on the devizbsnket
pressures can be tightly controlled, theoreticdcutations may suffice, as was the case in theseliex.
Alternatively, a flow probe or video capture of figes in flow may be necessary to more accuratiefiermine
particle velocities and associated variability lbefgorting. In addition, as populations of cetis large particles)
become more diverse in size, their respective jpositlong the horizontal and vertical velocity pl@fwill vary. At
our current flow rates, particles tend to flow ajahe bottom of the flow cell. Lateral displacernetill be altered
with changes to the volumetric flow rate of theeisl and the size of the particles. This might bpeeially
problematic in the case of time-delayed sortingd@scribed here) if particle velocities vary outsaf the predicted
range. To further improve sorting efficienciestlof design, 3D focusing could be implemented toenrecisely
control particle position in the channel and thgrpérticle velocities [91].

An additional consideration for implementation lo¢ tdevices reported here is the design of softiteateis
capable of defining a positive event based on ditalgnput. One or more signals must be relayed DAQ card
to execute a given sorting event. To begin toystuérotissues expressing non-contiguous fluoreseéntensity,
improvements to real-time data acquisition willlirte gating based on bright field images (sizeglkow for spatial
discrimination of fluorescence within the aggregatemicrotissue. This type of detection and réaktimage

processing will allow for biologically relevant simg studies including, for example, isolating aggates with high
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ratios of living cells to dead cells based on lile#ld fluorescence indicators or isolating microgsscontaining

differentiated cell types based fluorescent repsnteupled to lineage specific genes.
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CHAPTER 5
Sorting of Microtissues based on Non-Contiguous Fluor escence I ntensity

5.1 Specific Objective 3: To use the MPFC system to non-invasively purify populations of stem cell
aggregates and to assess the functional capacity of sorted populations. Hypothesis: Purified populations of
EBs, detected and sorted on the MPFC based orefluent indicators of cell phenotype and viabilityl] have

increased functional capacity when compared to dfigd populations of EBs.

Pluripotent stem cells, isolated from mammaliarbgmos or induced from mature cell types, are highly
proliferative and can differentiate into most dglpes of the body [92-94]. These attributes rertdem attractive
for studying tissue development or the pathogenafsiisease progression as well as for drug testimd) cellular
therapies. Effective control of stem cell stateyddy dictates the utility of pluripotent stem sefbr research and
clinical application. Thus, significant researdifiod has been dedicated to delineating mechanidrat either
maintain pluripotency [95] or drive differentiati¢@6]. The embryoid body (EB), an aggregate of ipltent stem
cells that roughly recapitulates the complex as$gmb cell-cell and cell-matrix adhesions and cspending
intercellular signaling of embryogenesis, is comiyioatilized to drive differentiationin vitro. Although more
defined methods have been developed to directrdiffmtion of individual cell types, such as tweonginsional
formats (i.e., monolayer culture) with defined dmé&u(e.g., growth factors, recombinant DNA encodasgential
transcription factors) and/or defined insoluble sttdtes (e.g., extracellular matrix proteins), B remains an
invaluablein vitro model to study the complex signaling interplayt tingpacts the state of a stem cell or stem cell
progeny with: 1) development, 2) extendedvivoculture or 3) following transplantation to a natitissue.

The primary challenge of studying cells of the iEBheir propensity to change state after commsaaech
manipulations such as the addition of exogenousldafe.g., antibody staining) [97] and disaggriegafl-2].
Therefore, to probe interior cells of the EB, invgators were previously limited to terminal, lotwoughput cell
and molecular biology techniques including stain@ichistological sections and PCR analysis of etéd RNA.
More recently, the development of fluorescent regrazonstructs coupled to differentiation-speaifeme expression
and combined with advanced imaging modalities ckgpalb non-invasively imaging deep within a biologlic
specimen (e.g., confocal and multiphoton fluoreseemicroscopy), enables investigators to probes dellthe

interior of living EBs. To enhance the throughpfitthis type of analysis, we recently coupledltiphoton laser
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scanning microscopy [36] with a microfluidic-baséidw cell, creating an imaging flow cytometry syste
(Multiphoton Flow Cytometer, MPFC) [5] capable afminvasively detecting size and fluorescence pittgsedeep
in the interior of large intact multicellular aggeages, such as EBs. This was an important adwest@ge numbers
of EBs can be quickly assessed, improving studyepoag well as the ability to distinguish importéidlogical
events from noise without relying on expensive ygmar time-consuming serial imaging.

Analysis of EBs for both research and clinical laggpion would be further improved if the EBs coudd
purified based on characteristics that precedecaqatédict a differentiation state of interest witih disrupting EB
organization. One relevant application pertainsht differentiation of cardiac cell types for thezovery of lost
myocardial function. This application dictates @ed for identifying and examining cellular aggregawith
enhanced cardiac potential to understand the emvieat, signals and corresponding mechanisms timtilcote to
cardiac differentiation. For example, it has bekawn that EB size can influence the proportioealls that enter
the cardiac lineage [98-99], thus identifying aegregating EBs on size soon after EB formation @qubvide a
population of EBs with increased cardiac potenti&imilarly, the presence of cardiac progenitor lpdtas been
linked to the generation of mature cardiac celeg/and not unwanted cell typasvivo [100]. Unknown, however,
are the conditions that contribute to behaviorgdhelse cardiac precursors, including proliferationigration and
differentiation into individual cardiac cell typeShus, the ability to purify EBs based on charasties early in
development (i.e., size or presence of cardiacypsecs) associated with generation of a particcddirtype while
maintaining aggregate viability and structure wouldovide an important tool for subsequent studids o
differentiation.

Here we demonstrate the ability to purify inta®sEbased on size or intensity of a fluorescent ntepo
corresponding to expression of NKX2-5, an earlydi@ar transcription factor [100]. Purified EBs wem®nitored
over several days to determine whether developrmentaome, namely the generation of mature cardamwtes,
corresponded to size or reporter expression. Tablenthis study, we enhanced the detection softwéreur
previously described MPFC system [6] to permit isgrtof EBs based on real-time measurements of &k
spatially segregated fluorescence. As a result,shawv that purified populations of EBs with high XK5
expression at early time points in differentiatiare more prone to form beating areas at later fomts.
Furthermore, the largest EBs within a broad siztridution have the highest potential for formingabing areas

and producing the highest percentage of cardiontgsqyer EB.



5.2 Materialsand M ethods

5.2.1 Cell Culture

Induced pluripotent stem (iPS) cells carrying a X5 Emerald Green Fluorescent Protein (EmGFP)
Bacterial Artificial Chromosome (BAC reporter), egfed to as NKX2-5 GFP iPS cells [100] were culduie
Dulbecco’s Modified Eagle's Medium (DMEM + Glutamabvitrogen) with 10% Fetal Bovine Serum (FBS;
Invitrogen), 11% Non-essential amino acids, (Irogen) and 0.0007% (1% of a 35 ml/50 ml solutidi)
mercaptoethanol (MP Biomedicals LLC, Solon, Ohidjo maintain pluripotency, media was supplement&t w
Leukemia Inhibitory Factor (LIF, Millipore, Billeca, MA) at 2000 U/ml. Embryoid bodies (EBs) werada via
the hanging drop method (day 0) [66]. IPSCs wenedsted and resuspended in DMEM + 10% FBS (nodclF
BMP-4) at 1.6 x 1Bcells/ml. This cell suspension was used to mdkelshanging drops over 1x PBS in 100 mm
Petri dishes, resulting in initial concentration5ff0 cells per drop. For the size separation éxyat, additional
plates of 200 and 400 cells per drop were preparditoaden the size distribution of the total pagioh of EBs.
EBs were harvested 3 and 4 days after formatioy @la4), for sorting experiments based on the #soent

reporter, NKX2-5, and sorting based on size, respey.

5.2.2 MPFC Operation

EBs were imaged on the MPFC with optical configiora similar to that previously reported [5-6].
Briefly, simultaneous bright field and intensity ages were taken with a Plan Apo VC 10X air objectiv
(Nikon, Mehlville, NY) at a resolution of 128 x 128nd pixel integration of 4, resulting in a scaneraf
approximately 5.5 frames per second. The Ti:Sapgdaser (Spectra Physics, Santa Clara, CA) wasdttm 890
nm, resulting in an average power at the samplgppfoximately 20 mwW. A 520/35 nm bandpass filtehroma
Technology Corporation, Rockingham, VT) was usedatiect GFP emission from the EBs. Power and gain
settings were set such that less than 5% of pwel® saturated and background noise was kept ttnanom.
Bright field and intensity images were collecteihgsin-house developed software (WiscScan). Flmgace and
size measurements of EBs were made using Imagedasef For analysis, background levels were idiedtisuch

that less than 10% of pixels on a background infage containing no EBs) were saturated for afiditons.
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5.2.3 Assessment for Cardiomyocyte Function and | mmunofluor escence Staining

Imaged EBs were placed in an incubator overnigbtanalyzed for attachment on the following dayclt
subsequent day, medium was replenished in the Igpleéé and the percentage of EBs displaying bgaiimeas was
recorded on day 7 of differentiation. Immediatefgllowing observation, EBs were fixed with 4%
paraformaldehyde and stained for cardiac tropoeim{). The National Stem Cell Bank protocainw.wicell.org,
SOP-CH-210C) for immunolabeling of cardiac markarsEBs was utilized for this assessment. Mousé- ant
troponin T (cardiac isoform Ab-1, cTnT, clone 13-Fisher Scientific, Pittsburg, PA) primary antilyoand goat
anti-mouse Alexa Fluor 568 (Molecular Probes/Irogen, Carlsbad, CA) secondary antibody were used.
Fluorescence images were acquired using a ZeissvAti 40CFL inverted microscope (Zeiss, Germanyh &i4X

objective, using a 560/55 nm bandpass excitatiter find 645/75 bandpass emission filter.

5.2.4 Flow Cytometry Applications of WiscScan Software

All real-time particle analysis was carried outthg WiscScan acquisition software. WiscScan iratesg
ImageJ [101], an open source, Java-based imageegwmiog program, for all image calculations. Twonatiy
image-processing functions were implemented ongbestin flow, namely size and fluorescence intgnper unit
area. A results table is displayed during an agtioin trial recording the optical imaging planewhich a particle is
detected, the corresponding particle area (sizehber of intensity pixels above background, the megensity of
pixels above background (intensity), and the toti@nsity divided by particle area (intensity peituarea). The
user can then define parameters on which to spithbeking the corresponding box in WiscScan.

To begin acquisition, the background intensity legbto unmodified images, as well as the minimum
particle size to be detected must be defined. €hmures that debris will not be detected or b&daas a false
positive event. Before performing a sorting trealpre-sort analysis trial is executed with a espntative sample
population, to acquire distributions of sample semed intensity per unit area. From the acquiesiilts table, the
user can decide which of the parameters to sogdhas, as well as the lower and upper bounds ¢fodr@meter to

isolate a population of interest.
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5.2.5 Timing

Sorting trials are performed in real-time, andpsogram timing becomes a critical factor to obtaigh
sorting efficiency. At current acquisition resotuis, WiscScan acquires image frames between 0.47@®.1880
seconds per frame (5.31 to 5.81 frames per secoem)iring all ImageJ calculations to be compldteeast 30 ms
before the next image frame is loaded, allowingddequate time to signal the data acquisition ead sorting
valves. The major tasks that must be completedinvitie 150 ms allowance are to display any requinegges
from WiscScan in ImageJ, carry out appropriate ineglculations, compare results with user-defingldes, and
signal capture. Over the course of 5000 frame$§ (ihutes), measurement calculations in ImageJ wemgpleted
in an average time of 8.7 ms and 63.2 ms, for iteeand intensity per unit area measurements, césply. Thus,
image processing algorithms are easily completetthénallotted 150 ms, and do not restrict the tghput of the

MPFC.

5.2.6 Statistical Analysis

For comparison of size, NKX2-5 expression, beatingas and cardiac Troponin T expression between
sorted and unsorted EB populations on day 7 otudfftiation, a normal distribution was assumed ame-way
analyses of variance (ANOVA) and Studétést for unpaired samples were used. Data weatexpas average +
standard deviation and were analyzed with JMP 5f@1Windows (SAS Institute, Inc., Carey, NC). A%

confidence P < 0.05) interval was applied for statistical sfgrance.

5.3 Utilization of a Segmentation Algorithm for Real-Time M easurement of Non-Contiguous Fluor escence
Intensity

Previously, we used the MPFC to sort EBs basedbatiguous fluorescence intensity within an EB $6]
that EBs could be effectively distinguished fromoftescent noiseThis was accomplished by coupling our in house
developed laser scanning acquisition software, Btiaa, with ImageJ [101] based analysis tools fal time large
particle analysis in flow. ImageJ was chosen duigstaiide array of existing analysis routines, easadaptability
and customization and ability to run both withindé$can at acquisition or as a standalone applicé&iofurther
analysis after acquisition.  The ImageJ analysigine, “Analyze Particles” was utilized to measwonnected

clusters of pixels above background intensity.this way, the size and intensity of large particléth continuous
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fluorescence throughout the particle could be daterd. However, this implementation could not defihe border
of a large patrticle in real-time in the absencdladrescence intensity. This was disadvantageouis lasited the
utility of MPFC as different collection speeds, iahite fluorescence expression levels or changdsdas can all
affect detectable fluorescence at the peripheryoviescome this we wanted to exploit a beneficidlaap feature of
the MPFC, it not only can acquire fluorescence dataugh multiphoton excitation but also can simuéously
collect a bright field image through the use ofam$mitted light photodetector. We decided we @¢agle the bright
field data to distinguish EB borders and thereby g without having to rely on the presence obrfiscence
signal. To do this we modified our MPFC data cdllat software to take advantage of a series ofepisting
ImageJ functions to reliably define the size andtigp location of an EB within the bright field iga Figure
5.1A). To begin, the "Find Edges" function was usedhitghlight the border of the EB in the bright fidgldage,
creating an outline of the particle. To ensuret #$raall edge scan effects don't significantly afféwe robust
measurement of the EB or particle border we used@aussian Blur” function to smooth the highlightsorders in
the image. The sigma radius input for the Gaudsiandefines the degree of smoothing. For EBsfouad that a
sigma radius of 2.2 was effective for accuratengaion of particle size. A higher sigma radiusuitssl in a more
drastic overestimation of particle size, while wéo sigma radius led to more frequent instancetisgontinuities in
the border, resulting in inaccurate measuremensom the resulting outline of the particle, the miam
autothreshold feature was employed, creating a rofak pixels within the particle. This mask waspeaoximately
10% larger than the actual area of the particléa(dat shown). To correct for this overestimationeaode function
was applied that strips the border pixels of thesknand minimizes error to 4.0% 4.6% of the total area, as
determined by manual tracing. This measurementdiggdayed in a results table generated in read-tas area in
pixels, which can be displayed as area in microased on MPFC system calibration for the chosencalpti
parameters (i.e. lens magnification, zoom, etc.).

The above described analysis of the bright fietddadnot only allows for effective robust sorting of
particles, but can directly assist in the analydifluorescence based trends in the correspondiumyescence
intensity image. The MPFC software not only canuianeously collect the bright field and fluorescenntensity
images but can also do co-registered analysis ¢im $mw that the bright field based morphology désectan be
used to directly help in fluorescence data intdgtien. Masking the border of an EB in flow in theght field

image not only allows for a measurement of parsite in real time but also creates a region @frégt (ROI) that
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Gaussian Blur Autothreshold
Sigma Radius = 2.2 -> Erode
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Raw Brightfield Image Find Edges Region of Interest (ROI)

ROI from

Brightfield Image Total Intensity/Area

Raw Intensity Image Background-Corrected

Figure 5.1 Overview of new WiscScan functionalities for ti®®FC. A) Images demonstrating the sequence for
real-time image segmentation including (from leftright) raw bright field image, "Find Edges", "Gsian Blur"
filter with variable sigma radius (controlled byeus applied autothreshold feature (minimum me}lhaith
"Erode" feature, and final region of interest (RM) Images demonstrating the sequence for overdglyie particle
ROI onto the intensity image including (from left tight) raw intensity image, background-correcie@ge, the
final ROI acquired from the bright field image, tfieal intensity image per bright field area, wittl pixels

excluded that are not contained within the ROl|esbar = 200 um.
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can be applied to the fluorescence image to cordimg sum intensity pixels that are not contigudhsyeby
permitting measurement of the fluorescence intgmqet unit area. To calculate this fluorescenderisity per unit
area Figure 5.1B), the fluorescence intensity image acquired thnoWjscScan was regressed with a background
threshold so that only pixels above backgroundnisitg appear on a processed intensity image. Duwlditional
noise produced by flowing media and cell debrisr¢hmay be fluorescent pixels outside of the partitat exceed
the background threshold. To exclude these confognplixels, the ROI created from segmentation ef Ibhight
field image was applied to the processed intengiigge, resulting in an image displaying only theefs above
background intensity that were inside the particleach pixel within the ROI was assigned an intgngalue
between the background threshold and maximum ddtiecintensity value (255). The sum of all thegpixtensity
values provided a measurement of total intensitgickv was then divided by the ROI for a final measof
fluorescence intensity per unit area. Similartie size measurement, fluorescence intensity cadidpdayed as

both area in pixels or microns.

5.4 Purification of EBs Based on Size

To determine whether the bright field segmentatbgorithm coupled to the MPFC could effectively
detect and sort EBs based on calculated size, wedsBBs into three different size rang€gg(re 5.2A). To this
end, hanging drops were seeded at 200, 400, ande&@0per drop, to obtain a relatively wide siistribution of
EBs. EBs of different cell number were combinei ia single population and the size distributiotedmined in a
pre-sort analysis trialHigure 5.2B). Consecutive sorting of a given population ofsBBas performed to obtain
small, medium and large EB fractioriddure 5.2C). First, a threshold of 330 um was set, sepaydiBs greater
than 330 pum into the sorting outlet port and allayvEBs less than 330 um to flow into the main duitet. EBs
collected in the main outlet port were further sdrsuch that EBs greater than 250 pm (and nedgskess than
330 um) were diverted to the sorting outlet pddorting efficiency was defined as the number of pBgsically
collected from the sorting port relative to the rouen of positive events detected in flow by the wafe. The
enrichment ratio was defined as the ratio of thelmer of desired EBs to undesired EBs in the somimigput port
divided by the same ratio at the sample input [85}1. Sorting efficiency of EBs greater than 33® jin diameter
(large) and of EBs between 250 and 330 pm (mediwag 94.1_+5.6% and 87.9 9%, respectively while

enrichment ratios were 18.016.7 and 25.0 22.5, respectivelyHigure 5.2D). Therefore, real-time segmentation
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Figure 5.2 Sorting EBs based on area measurement. A) Sclreaiaexperimental protocol. EBs were made in
hanging drops with starting concentrations of 2030 or 500 cells per 30 pul drop. EBs of all sisese harvested
and mixed together at day 4. EBs greater than.880n diameter were isolated (Large Fraction) fiskile those
less than 330 um were bypassed and collected imé#ie outlet port. The population collected in thain outlet
port was then sorted by setting a sorting threslwdl@50 pum in diameter. Next, the positively sdrfeaction
consisted of those EBs above 250 um in diametedie Fraction), while those less than 250 pm wemgabsed
and collected in the main outlet port (Small Fraxcti EBs were maintained separately and plated 6nwell
plates. They were then assessed for beating arehstained for cTnT on day 7 of differentiatioB) Histogram
depicting the size distribution of the EBs to beteth on the MPFC. Thresholds for positively setecthe large
population (solid line) and medium population (edtiine) are displayed. C) Bright field imageseiakn flow of
representative EBs from small, medium and largetifvas separated during the consecutive sortiadstrscale bar
=200 um. D) Sorting efficiencies and enrichmextios for purifying the large population (n=3 t6al 84 EBs) and

the medium population (n=3 trials, 81 EBs). Etvars are standard deviation of trials.
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of the bright field image of an EB yields an actenmeasure of size as well as subsequent sortpapddies based

on that size determination.

5.5 Sorting EBs Based on NKX-2.5 GFP Reporter Expression Indicative of Cardiac Precursor Cells

To test the ability of the MPFC to purify EBs bdsen varying levels of non-contiguous fluorescence
intensity, we generated EBs from mouse inducedpmtent stem cells (iPSCs) carrying a NKX2-5 Emeéi@reen
Fluorescent Protein (EmGFP) Bacterial Artificialr@mosome (BAC) reporter [100, 102]. EBs matured3faays
in hanging drops and then were sorted based on EnflaBrescence intensity with the MPFEidure 5.3A). To
establish a threshold such that EBs with the gse&EmGFP intensity per unit EB area (i.e., the26f6) would be
positively sorted, a histogram depicting fluoresmemtensity per unit area of a test sample pojounaif EBs was
generated under analysis flow conditioRgy(re 5.3B). During sorting flow conditions, EBs below theteérmined
threshold were directed to the main outlet portleviihose above the threshold were directed to tineéng port
(Figure 5.3C). After sorting, EBs from both the main and sugtioutlet ports were collected and counted before
transferring to 6-well plates for long-term cultur8orting efficiency was defined as the ratiote humber of EBs
physically collected from the sorting port, to tiember of positive events detected in flow. A isgriefficiency of
89.0 +11.1% and an enrichment ratio of 25.419.3 was achievedrigure 5.3D), which are comparable to
previously reported values corresponding to thefipation of large fluorescent beads or EBs uniftyretained

with CellTrackef™ (Molecular Probes/Invitrogen, Carlsbad CA) dye [6]

5.6 EBs Sorted at Early Time points According to Size or NKX2-5 expression Show a Higher Propensity to
Develop Mature Cardiomyocytes

EB size can dictate yield of differentiated cardimcytes [103-105] demonstrated by studies attemgpt
control initial EB size with cell culture constrésn Another approach to control size of microtéspopulations is to
sort them after formation using mechanical barrtersnicrofluidic channels of prescribed dimensid9§]. The
primary limitation of these methodologies is thedo adjust physical dimensions of the culturesgkssor sorting
device to obtain a final population of EBs withpesific size ranges tailored to a user-specifidiappon. Here we

have shown that the modified MPFC is capable dfrepEBs in the range of 100 - 400 um with highaéincy.
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Figure 5.3 Sorting EBs based on NKX2-5 expression with theRZ. A) Schematic depicting the experimental
protocol for sorting trials. EBs were harvestedday 3 of differentiation and subsequently analyaedhe MPFC
without sorting to determine the distribution of MR-5 expression of the population. Thresholds veatesuch that
EBs exhibiting the top 25% fluorescence intensiy pnit area were positively selected and sor&@d.Distribution

of normalized NKX2-5 expression for the sample inpopulation of EBs as determined in a pre-sortyemtrial.

C) Bright field and intensity images of an EB datimed to exceed the user-defined sorting thresftojglrow) and
an EB less than the sorting threshold value (botimn). The processed intensity image illustrakesROI overlaid
onto the intensity pixels above background in teak. The total intensity of all the pixels abolackground
within the ROI was divided by the pixel area of R@lI for a final measurement of fluorescence intgrEer unit
area, scale bar = 200 um. D) Sorting efficienagl anrichment ratios determined from sorting trigs3 trials,

226 EBSs). Error bars are standard deviation ofstria
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Figure 54 Capacity of sorted fractions of EBs to developdmanmyocytes A) Average size of resulting
EBpopulations (small, medium and large) collectdterasorting with the MPFC. B) Beating areas and
corresponding cTnT expression of populations sdogesked on size. C) Average normalized NKX2-5 esgion of
EBs collected from sorting and main outlet porestedmined by static imaging after sorting. D) Begtareas and
corresponding c¢TnT expression of EB populationgesbbased on NKX2-5 expression. Brackets indigatin

significant differences (P < 0.05).
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To determine whether the size of EBs sorted in system impact their ability to produce cardiomyesytwe
isolated three distinct size ranges (small, 250 diameter or less; medium, 250-330 um; large, |380or more)
using the MPFC systenfrigure 5.2). The mean diameters of the resulting sorted [adipns were 209 60 pm,
298 +34 um, and 347 29 pum, which all significantly differed from on@aher P < 0.05) Figure 5.4A). The
large size group of EBs produced the most beatiagsaon day 7 of differentiation (43.59t5%) Eigure 5.4B),
and significantly exceeded the number of beatirgaiproduced by the medium (13.8.5%;P < 0.05) or small
fractions (0%,P < 0.05). Similar trends were found when quantifyicTnT, a protein marker expressed only in
mature cardiomyocytes, with the large EB group{C:®.15) having significantly greater cTnT expressien EB
compared to the medium (0.14.%3; P < 0.05) and small fractions (8,< 0.05) Figure 5.4B). Thus, larger EBs
separated on the MPFC at an early time point ifeifitiation exhibit enhanced potential for cardjoagyte
differentiation.

We also hypothesized that EBs expressing relatii@h levels of the early cardiac transcriptioctéa
NKX2-5 at early time points in differentiation waliproduce significantly higher yields of maturediamyocytes
at later time points in differentiation. As befpday 3 EBs were introduced into the MPFC and tivaitle the top
quartile of GFP fluorescence intensity were sort€de relative amount of NKX2-5 expression in theted
population compared to the unsorted populations W2S +0.01 a.i.u. and 0.75 A7 a.i.u., respectivelyF{gure
5.4C) (P < 0.05). EBs were plated after sorting and at@ajter EB generation (4 days after sorting) vassessed
for beating areas and cTnT expression. Sorted EBduced significantly more beating areas compaoethe
unsorted population of EBs (52.54t9% and 34.4 8.1% P < 0.05), respectivelyrigure 5.4D). Sorted EBs had
higher expression levels of cTnT compared to theorted population (0.59 49 and .50 +12 a.i.u., respectively),
though these values were not significantly différefhus, sorting EBs with our enhanced MPFC sysiean early
time point in EB development based on cardiac psmrugene expression can be used to predictivelgrefor EBs

with a higher propensity to form beating areasdative of cardiac differentiation.



NKX2-5 Expression (a.i.u.)

1.2

0.9 -+

0.6

0.3 -

65

Emryoid Body Number

Figure 5.5 Optical sections of day 3 EBs expressing NKX2-Baadom patrticle rotations. Three different ogitic

sections were imaged 35 um deep into several diffeEBs (displayed as single data points). Differgptical

sections were attained by turning or disrupting Hs between each image acquisition. The standiwthtion of

each measurement signifies the variability in meaments of optical sections taken at different {pmss$ in the 3D

volume.
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5.7 Discussion

Here, we take advantage of real-time image praug$sols incorporated into the MPFC to sort EBsduh
on size as well as non-contiguous fluorescencasitie corresponding to expression of cardiac-eeldtanscription
factor, NKX2-5, and preserve sorted populationsldoig term analysis of differentiated cell functioifhis is the
first reported application of real-time image segtaéon to trigger sorting in a microfluidic deviter large (>100
um) cellular particles. Although the images instlsitudy were acquired using a mulitphoton lasenrsog
microscopy system, the size-sorting approach cbalditilized with any imaging modality capable obgucing a
bright field image of large particles. It can alse utilized with other fluorescence imaging apphescsuch as
confocal microscopy [107] that can simultaneouslyect bright field and fluorescence images. @wtivation for
developing such an MPFC system was driven by areésiunderstand the factors that stimulate cargomyte
differentiation. However, the approach could biotad to study many cell types and associated \dels in
aggregates or microtissues. Thus, we describeegssible and versatile system that can help wamsthe way
that adherent cell types are studied in the comtettliree-dimensional microenvironments.

EB size is known to influence the type and amairdifferentiated cells present in the EB over tinfeor
example, Mohr et al [98], show that smaller EBslass likely to form beating cardiomyocytes, buigé EBs with
contracting areas are more highly enriched in cangibcytes than larger counterparts. Similarlyeoghfound that
cardiogenesis and neurogenesis were regulatedelsizé of the concave microwell used to generate [B8, 104].
These studies were accomplished by regulatingaizke time of EB formation; less well studied ptenotypes
emerging when EBs are sorted at points following f@Bnation. A microfluidic device was recently ddabed
[106] which utilized a series of appropriately spagillars in a microchannel to alter the fluidviigath to divert
and thereby purify EBs with diameter differencespproximately 100 pum, with a maximum size of apprately
300 um. This device is inexpensive and accessibfeany labs but is limited by the physical dimensi of the
device such that multiple devices would be needsgzbdding on the cell aggregate size and rangetexiest. Our
MPFC system can handle a large range of EB sikesypper limit of which is dictated by the sizetloé channel.
For the device described here, the height is 10@0apd represents the smallest dimension of the @elvcross-
section. Thus, this device can accommodate EBgpifoximately 50 um up to 500 pm in diameter (apipnately
half the height of the flow cells [6]). In additipthe MPFC can discriminate differences as lowthes error

corresponding to real-time size measurement (4.046% of the manually measured diameter; e.g. 26fqrma
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300um particle). We show that differences in EBesat three days after EB formation significantlierathe

percentage of beating areas in a given EB populadiod the corresponding expression of cardiac tiopd.

Studies of this type could be used to determine famtors related to size, such as diffusion of slelumolecules
(e.g., growth factors or metabolites) and insolutteictural elements, such as extracellular mairoteins, impact
cardiomyocyte differentiation.

Reporter elements coupled to proteins indicativetem cell differentiation enable identificatiohamluble
and insoluble factors that direct differentiationhe utility of these reporter cell lines is augiteehwhen stem cells
and their progeny can be maintained in a 3D owudédse arrangement, as that found in an EB or laimi
microtissue. One could argue, however, that mudgress has already been made in understandingrdattat
direct stem cell differentiation. Indeed, recerdgress indicates gene delivery of transcriptiaidies can directly
program murine stem cells to a cardiomyocyte fatth vaigh efficiency [100]. By comparison, the MPFC
technology described here may not provide a effectheans to optimize the yield of cardiomyocytds.can,
however, provide key insights into stem cell mier@ieonments (i.e. compositions of EBs) that aredtaive to
differentiation and that maintain a differentiatetl functional phenotype. In this way, we can oot to improve
extendedn vitro culture conditions and perhaps better predict anthpte outcomes of cell deliveiy vivo.

The MPFC technology described here has advanfagesorting EBs based on size or reporter elements
over previously described systems [19, 106], inicigabur first generation MPFC device [5-6]. Ousfigeneration
device was accessible to laboratories with acaessdrofabrication capabilities and imaging systemith real time
data acquisition capabilities. It was unique iatth allowed for sheathless particle focusing witthimal damage
to the large particle as a consequence of flowoitld also do sorting of intact EBs based on istdror extrinsic
fluorescence signals. The current generation MP&&&ribed here maintains these advantages and laelddility
to analyze non-contiguous fluorescence of an Eiahtime and sort based on those fluorescenceneteas. The
sorting efficiency is comparable to the first gextem sorting device, with average efficiency of@®. Future
iterations of the MPFC will seek to take advantafjthe images acquired of each EB in flow. Becarsémage is
obtained, it will be possible to utilize ImageJ ¢tinnality to utilize image processing approactesdrt based on
distribution of fluorescence, and so associatetepr@r molecule, within an EB (or other large ).

Sorting efficiency of the first generation MPFCveall as the current generation is limited by fagesitive

sorting events, which most often reflect coincideevents when two or more particles are detectetidnsame
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image frame. In our device, coincidence occurapgproximately 7% of events detected by the softwdata not
shown). Coincidence increases with particle-pkriinteractions. We attempt to limit particle4iee interactions
by separating them with inertial lift forces impdsey the asymmetric curving channels [83] presenthie
microfluidic device. However, coincidence doed siicur and changes as a consequence of diffesangearticle
velocity. Additional factors that may increase fakse positive rate may include the unpredictabdif the velocity
of smaller EBs in microfluidic devices. Velocityamnability can also result in false negative eveifitEBs are
diverted outside the interrogation region and tfigeenever trigger a sorting pulse. We have eraliy verified
that as particle size decreases the correspondiogity range broadens. Most of the sorting ersvislent in our
system could be reduced or alleviated if particdority was increased because the increase in itelaould
improve particle focusing and separation within therofluidic device [84]. Currently, we are lirad by a
relatively low maximum image acquisition speed $~ffames/sec) and corresponding low resolution X128) of
our optical arrangement and so flow velocities cdnexceed approximately 2 mm/s. To this end, we ar
investigating line scanning and other high-spedtiveoe and hardware scanning approaches to improaging
acquisition rates and thereby improve both througlapd sorting efficiency.

Another consideration when analyzing spatiallyreggted fluorescence intensity within a microtisene
the MPFC, is the variability corresponding to eaidtected optical section. As a microtissue traserthe
interrogation region, multiple planes will be measlibased on the rotational position of the EBhatihstant of an
image scan. To determine the approximate vartgholi NKX2-5 GFP expression in our EBs, we obtaimdges
of optical sections at random 3D orientations og EBs in static mode, in an attempt to simutat various
possible optical planes detected in flow. We fotimat the coefficient of variation for a measuremainNKX2-5
fluorescence of a single EB is approximately 253%6 (n=13). As expression levels of NKX2-5 in@eathere is
more variability in the measuremeitigure 5.5), which is not surprising considering "pockets"differentiating
cells are typically present in EBs, and not unifiyrafistributed throughout the volume. Here, the@aut of sorting
based on one z-plane measurement did not dragtiafiict the outcome of this specific populationEBs and
associated reporter element, but could have aaraéfiect on other cell types and associated repetements if
expression of the reporter is localized to one sifithe EB, or expressed as a gradient from one &idanother.
Future MPFC software improvement will include thslity to average measurements from multiple z-pkaof an

EB or other large particle. At current flow rateBs are most commonly detected in three consectriavees as
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they traverse the interrogation region. Averagirtgnsity measurements from these three framesdyondvide a
more representative quantification of the totabfescence intensity throughout the volume of thgelgarticle.

Our results demonstrate that MPFC technology caunsee to effectively sort EBs based on fluorescence
of cells within the EB, even if fluorescent celle &eparated from one another. The technologyheimadvance
our understanding of the factors that impact oralsiin of cells within the EB which should translatea better
understanding of what happens to differentiatedifferentiating stem cells after transplantatiorattissue bed or
with extended culture ex vivo. In addition, the MP could be used to augment the study of stembetlavior in
other engineered 3D constructs or the behaviottadracell types in aggregate or microtissue forrbgtincreasing
throughput and utilizing unique features of mulofdn excitation microscopy to probe endogenousrdéscent

structures including collagen and autofluorescestatmolites.
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CHAPTER 6
Noninvasive detection of cell death with Multiphoton Laser Scanning
Microscopy (MPLSM)

6.1 Specific Objective 3: To use the MPFC system to non-invasively purify populations of stem cell
aggregates and to assess the functional capacity of sorted populations. Hypothesis: Purified populations of
EBs, detected and sorted on the MPFC based orefloent indicators of size, cell phenotype and iitgpiwill
have higher percentages of cells adopting a cali@ootype (Chapters 5 & 6) than unsorted populatif EBS

(thereby addressing criterion C).

Continued advances in stem cell biology and stelintrmsplantation rely on noninvasive biomarkess t
characterize cells and stem cell aggregates. Thimvasive quality of such biomarkers is essensialce exogenous
labels, probes or reporters can unintentionally @naginatically alter stem cell state as can disamptif cell-cell and
cell-matrix interactions. Here the autofluorescemetabolite, nicotinamide adenine dinucleotide (NADI
investigated as a noninvasive, intrinsic biomarkércell death when detected with multiphoton optlzased
approaches.

NADH plays a key role as a carrier of electrons anthvolved in many important metabolic pathways,
such as glycolysis [108]. NADH has two forms itisefree and protein bound. Most bound NADH isridun the
mitochondria while free NADH exists in both the @gtasm and the mitochondria [109-111]. NADH fluszence
intensity changes have been used to study cellboktaactivity in vivo for many years [112-117]. As well, recent
studies have used MPLSM to characterize NADH aedritrinsic metabolite flavin adenine dinucleoti@AD) in
cancer cells and characterize the metastatic patént, 74, 118]. These studies and others [7378] have helped
define the experimental conditions for our MPF@il&ito examine NADH. For example, the metabolatesof
carcinoma cells, as detected by endogenous fluemesmetabolic intermediates, has been correlated thie
identification and metastatic potential of cancerdoth animal and human models [118].

Cell death is essential for the development, hatasis and repair of tissues (reviewed in [119-120]
Recent studies suggest cell death is equally impofor pluripotent stem cells and “quasi-developtal events
that occur with differentiation [121-126]. For ewgle, inhibition of prostate apoptosis responsd2AR-4) in
pluripotent stem cells limits differentiation ofliseof endoderm, mesoderm and ectoderm lineageq.[12owever,

greatly limiting the study of the significance eém cell death has been the inability to distinguiead from viable
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cells without application of exogenous labels thaght alter stem cell state. Thus methods for meesive
detection of cell death are necessary. Furthernsteen cells are maintained and differentiate nediatiently in
stem cell aggregates and so it is crucial to agsdkdeath without disrupting the aggregate [128].

The intensities of autofluorescent metabolites Hzaeen used as biomarkers of cell viability in ygag0],
primary epithelial cells [130] and kidney tissu811. Moreover, fluorescence lifetime of intringiaorophores has
been utilized as an indicator of cell death [133]1&nd as a means for distinguishing between motiesll death
[134-135] (Reviewed in [136]). Of particular inést is the metabolite nicotinamide adenine dinuideq NADH),
a critical coenzyme in cell energy metabolism. NAD a primary electron transporter, especiallyokidative
phosphorylation through which significant ATP iooguced [137]. Given this role, the concentrati6iNADH in
the cell cytoplasm (including mitochondria) woulikely decrease with oxidative injury. Flow cytomet
spectroscopy and fluorescence imaging-based studiisate that NADH levels do decrease with rev®esi
hypoxic injury (i.e., when oxygen is restored, tbells recover native function) [129-131]. Howevsvith
irreversible injury, there is actually a sharpnsi@nt increase, followed by a variable decreasADH levels
[129]. Compelling fluorescence image data suggéstseases in NADH correspond to a subpopulation of
mitochondria which occupy the perinuclear spac®]13 hese mitochondria are thought to mobilizegsponse to
apoptotic stimuli and may provide the energy oreoths yet undefined functions needed to completptapis.
This direct correlation between cell death and gkarin NADH levels, which can be assessed thoughgds in
endogenous fluorescence of living cells, suggesat this endogenous fluorescence could be utilized aon-
invasive tool for monitoring viability of individdaells and aggregates, including the viabilitystdm cells.

Just as therapeutic application of stem cell aggesgwould benefit from a non-invasive means tdyaea
viability, so might other cell aggregates or migsties such as pancreatic islets. Type | Diabdedktus (TIDM)
is an autoimmune disease resulting in the destnuaif insulin producing beta cells within the paeatic islets of
Langerhans. Currently, islet transplantation issenerging clinical therapy with the potential tavqaetely restore
beta cell function in TIDM patients [138-139]. Th#ficacy of therapeutic procedures involving re-famgation of
islets into diabetic patients depends primarily tbe ability of islets to engraft and survive in thedy and
secondarily to produce insulin in response to a&xdlood glucose levels [140]. A current limitati of the
procedure is the need to pick healthy islets gbecsic size (150 um in diameter) from the expldnp@pulation.

This procedure is time consuming and subject terirend intra- reader variability [23]. The numloé healthy
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explanted islets is variable due the removal ofrtiigrotissues from their native vasculature, thgmdpriving those
cells in the aggregate that are past the diffusiarrier of oxygen and essential nutrients [141Jurvival and

function of transplanted islets require that théahpopulation are relatively healthy and voidampious amount of
dead cells. Isolation of this healthy populatiercurrently performed manually, and would greatyéfit from a

technology that could perform the same task, neasively, in an enhanced throughput fashion.

Therefore, the goal of this study was first toedetine whether changes in intensity of NADH fluaessce
correlate with cell death in stem cell aggregated second to determine the physiological impactary-stage
death of stem cells on long-term function of stesll progeny. Next, we sought to validate the &pibf our
prototype MPFC system to non-invasively purify plapions of EBs based on viability via detectionNADH at
early time points in differentiation. Finally, asmore immediately clinically relevant applicatifom the MPFC, we
performed static experiments in an attempt to ¢tateeNADH fluorescence intensity to functional tséecretion,

and conducted initial sorting experiments on paatiraslets based on NADH fluorescence.

6.2 Materialsand M ethods

6.2.1 Stem Cell Culture

HM1 mouse embryonic stem cells were cultured asipusly described [5]. ESCs were harvested and
resuspended in DMEM + 10% FBS (no LIF or BMP-41 4t x 10 cells/ml. This cell suspension was used to make
30 ul hanging drops over 1X PBS in 100 mm Petfelis EBs were harvested 3 days after formatioy 8athis

stage served as the time point for initiation dsaldies described here.

6.2.2 Drug Treatment and Exogenous Viability Staining of EBs

For induction of cell death, staurosporine (Signidrigh, St. Louis, MO) was applied to EB populataat
concentrations ranging from 100 — 500 nM for 2 8SOUEBs were stained with LIVE/DEAD® Fixable DeadlIC
Stain Kit (L23101, excitation, 495; emission, 520yitrogen) at a 1:1000 dilution in 1X PBS for 10nutes at
room temperature on a rocking platform. EBs waneed once with 1X PBS and resuspended in DMEM % 10
FBS. This probe penetrates dead or dying cellsbamdis to intracellular amines throughout the gelume. The
probe also binds extracellular amines of live c¢dllst is restricted to the cell border and so gatesra signal

approximately 100-fold lower than that of dead £€Manufacturer’s specifications, Invitrogen). eftstaining,
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individual EBs were plated on 0.1% gelatin-coated@microslides (ibidi, Martinsried, Germany) fionaging and

for subsequent tracking for beating cardiomyocytes.

6.2.3 Isolation of Mouse Pancreatic |slets and | slet Cell Culture

Intact pancreatic islets were isolated from micengisa collagenase digestion procedure as previously
described [142-143]. Briefly, the pancreas wasysefl with a 0.5 mg/ml collagenase type Xl (Signidridh, St.
Louis, MO) solution in Hanks Balanced Salt SolutiiiBSS, Life Technologies, Carlsbad, CA) with 0.02%
radioimmunoassay grade BSA. The disaggregatedetissspension was first subjected to a 1000 punefioliene
mesh (Spectrum Laboratories, Rancho Dominguez, i8Agmove large debris and secondly to a Ficoltlignat
(Sigma Aldrich), to separate islets from surrougdatinar tissue. Islets were handpicked undeeastaicroscopic
observation and subsequently cultured overnightl@6-Hours) in RPMI 1640 containing 11.1mM glucosel a
supplemented with 10% heat inactivated FBS and &#6JRrep. The islets were placed into a 60mm BEesthi (non
Tissue Culture treated) containing 5mL of fresh RRB40 supplemented media. From 60mm Petri dissiagle
mouse pancreatic islets were placed into individ@e2 ibidi microwells for imaging of NADH fluoresoee
intensity on the MPLSM. Following image collectjdslets were labeled and carefully placed intc6an@ll plate,

grouping islets with similar NADH fluorescence ingity for subsequent insulin assay analysis.

6.2.4 MPLSM Imaging

EBs and pancreatic islets were imaged using MPLSt @ptical configuration similar to that previoysl
reported [5]. To view the live/dead probe, theSapphire laser was tuned to 890 nm with a 520/3%mission
filter. To view NADH intensity, the Ti:Sapphiredar was tuned to 780 nm excitation with a 457/50bamdpass
emission filter. Average power measurements wakert at the sample, and determined to be 21 mV\BamdW,
for 890 nm and 780 nm excitation conditions, respely, which is within a reported range supportiot cell
viability [144]. Images were taken with a Plan Agg& 20X air, 0.75 NA, 1.0 mm WD objective (Nikon,eWille,
NY) at a resolution of 512 x 512 with a one secemgosure time for EBs, and a 10X air, 0.75 NA 112 WD
objective (Nikon) for pancreatic islets. Powedagein settings were set such that less than 5%ixets were
saturated and background noise was kept to a mmimBright field and intensity images were collettesing in-

house developed software (WiscScan). Fluorescandesize measurements of EBs and pancreatic iskts
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made using ImageJ software [101]. For analysiskdr@und levels were identified such that less th@fb6 of
pixels on a background image (i.e., containing slets or EBs) were saturated for all conditionsacigjround
fluorescence intensity levels were subtracted feaoh pixel of the EB or islet image (BC, backgrogodrected).
For live/dead extrinsic staining of EBs, a regidnirgerest (ROI) was created to match the bordeEBfcross-
section of the background-corrected intensity imadée percentage of viable cells of an EB wasrdated by
first identifying the fluorescence intensity lewadla living cell. The fluorescence intensity lewdlliving cells was
then subtracted (LCC, live cell-corrected) fromteaexel of the ROI defined above. The percentageiafle cells
of the EB was defined as the fraction of pixelshaiit intensity after LCC divided by the total numbé pixels per
ROI. The percentage of dead cells of the EB wdinel as the fraction of pixels with intensity afteCC divided
by the total number of pixels per ROIl. The meaerisity per pixel was defined as the total intgneitthe ROI

divided by the total number of pixels in the ROI.

6.2.5 Spectrofluorometry

A Fluorolog-3 Spectrofluorometer (Horiba Scientjfikyoto, Japan) was utilized to determine the
fluorescence emission spectrum of unmanipulated @$ESThe excitation wavelength was set at 350 nm,
corresponding to the excitation peak of NADH, whileensity measurements were recorded within agarigl00-
600 nm, corresponding to the emission spectrumADN. HM1 mESCs were harvested and resuspende®in 1
PBS before measuremeng-NADH (Sigma-Aldrich, St. Louis, Missouri) was ratstituted in 1X PBS at a

concentration of 7 mM.

6.2.6 Sorting of EBs Based on NADH fluor escence | ntensity on the M PEC

EBs harvested at day 3 of differentiation were ezitiheated (500nM) or not treated with staurosmgoes
previously described [7]. Similar to static expegints, the Ti:Sapphire laser was tuned to 780 nihaad57/50 nm
emission filter was used to exclude confoundingfubrescence. Treated and untreated populati@ne analyzed
separately on the MPFC before the sorting trialgdgtermine their respective distribution of NADHidrescence
intensities. The real-time fluorescence intengiglculation described in chapter 5 was used to nthlee
measurement in this experiment, as NADH expresisioon-contiguous and must be assigned to an R@kt, a,

sorting threshold was set such that 95% or motbefreated population would be positively seledtetthe sorting
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trials. In this way, EBs with high NADH intensityere positively selected and diverted into theisgroutlet port
while those with relatively low NADH intensity floed directly to the main outlet port. After sogjrEBs from
each outlet port were collected and counted toraeéte sorting efficiency and enrichment ratio. &y, EBs were

plated onto gelatin coated polystyrene dishesdiogiterm culture and assessment of beating areas.

6.2.7 Assessment for Cardiomyocyte Function and | mmunofluor escence Staining

EBs from static or sorting experiments were plaicedn incubator overnight and analyzed for attaatitme
on the following day (day 4). Each subsequent dagdium was replenished in the microwell slide§-ovell plates
and each EB was scored for formation of beatingsareOn day 12 of differentiation, EBs were fixedhwi%
paraformaldehyde and stained for cardiac tropoeim{). The National Stem Cell Bank protocainw.wicell.org,
SOP-CH-210C) for immunolabeling of cardiac markarsEBs was utilized for this assessment. Mousé- ant
troponin T (cardiac isoform Ab-1, cTnT, clone 13-Fisher Scientific, Pittsburg, PA) primary antilyoand goat
anti-mouse Alexa Fluor 568 (Molecular Probes/Iroggn) secondary antibody were used. Fluorescanages
were acquired using a Zeiss Axiovert 40CFL inventeidroscope with a 4X objective, excitation filt&&80/55 nm

and emission filter 645/75.

6.2.8 Sorting of Pancreatic Islets Based on NADH fluor escence I ntensity on the M PFEC

Islets were harvested from mice and cultured asritest above. Similar to static experiments, the
Ti:Sapphire laser was tuned to an excitation wagtle of 780nm, and a 457/50 nm emission filter wasd to
exclude confounding autofluroescence. One popuraif islets was analyzed, without sorting, to deiee the size
and fluorescence intensity distribution for a regrgative fraction. For each sorting trial, appraately 100 islets
were loaded into the sample reservoir in 7 ml dfure media. From the histogram depicting NADHoflescence
intensity, a threshold was set such that the islets the highest NADH expression (i.e. top 25%)ulb be
positively sorted. In this way, islets with highARH intensity were positively selected and diverietb the sorting
outlet port, while those with relatively low NADHhtensity flow directly to the main outlet port. t&f sorting,

islets from each outlet port were collected andhted to determine sorting efficiency and enrichnratib.
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6.2.9 Assessment of Insulin Secretion from Pancreatic |slets

Islets were placed in groups of 4 based on sinylafi NADH fluorescence intensity and placed intesh
baskets made from 12 x 75 mm borosilicate tubeslimebes). The mesh tubes were then transferrad x 100
mm tube containing 1.0ml Kreb's ringer bicarboriatéer containing 1.7mM glucose, and 0.5% radioimoassay
grade BSA at 37C for 45 minutes (pre-incubationgugr Islets were then incubated for an additiataminutes in
new Kreb's ringer bicarbonate buffer containingdd\V (low) glucose (incubation period). Mesh tubesrevthen
transferred to a fresh 16X100mm tube containinghl df the Kreb's ringer bicarbonate buffer contagnil6.7mM
(high) glucose at 37C for 45 minutes. The basallingesponse was determined by the insulin reledssets
exposed to 1.7mM glucose during the 45 minute iatioh period, while the stimulated insulin responses
determined by the insulin release of islets expagelb.7mM glucose. Insulin release was expreaseafold
stimulation” determined by the ratio of insulin seted at high glucose versus low glucose levels.

Insulin secretion ELISA assays were performed r@vipusly described [142-143]. Briefly, the ELISA
plate was coated with monoclonal capture antibédizgerald, Acton, MA) and washed with 4% BSA smlatto
prevent non-specific binding of the insulin antigodNext, standards and aliquots of culture medamfislet
incubations were added to the 96 well plates fdrolr, to bind to the monoclonal capture antibodyext, the
biotinylated anti-insulin detecting antibody (Fiezgld, Acton, MA) was added to the plates, followey
streptavidin conjugated to horseradish peroxidasiesorbance measurements were taken on a platerr€becan,
Mannedorf, Switzerland), and analyzed with MageBaftware to generate the standard curve and es¢ceabmple

concentrations.

6.2.10 Statistical Analysis

For comparison of intrinsic (NADH) and extrinsiciye/Dead Probe) fluorescence intensity levels dif ce
aggregates at early and late time points, a nodisitibution was assumed and one-way analyses anee
(ANOVA) and Student-test for paired samples were used. For compai$dhe percentage of beating areas
between sorted and unsorted populations, time afirmgp area formation, and relative cTnT expressiosorted
populations, StudentTest for unpaired samples were used. Data we@ted as averagestandard deviation and
were analyzed with JMP 5.0.1 for Windows (SAS log#, Inc., Carey, NC). Pearson correlation cogfit (r) and

confidence intervalR) were used to determine whether linear correlatexisted between paired values
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Figure 6.1 Induction of cell death via staurosporine. Ah8matic depicting the experimental approach used t
determine whether cell death could be reliably g®tl with staurosporine. EBs were generated from1HM
embryonic stem cells and treated with staurospaBirdays after EB formation. Following treatmenBsEwere
imaged at a single time point to detect extrintiorescence of the live/dead probe from a singlécabsection
using MPLSM. B) A strong positive correlation drid between the percentage of dead cells of theiBthe
mean intensity per pixel (r = 0.8/;<0.0001). Each dot represents a single EB. Theeptage of dead cells of the
EB and the mean intensity per pixel were determiasddescribed in the materials and methods sectiGh.
Representative images of live/dead staining of BBk and without staurosporine treatments. BC,kgemund
correction, indicates background fluorescence tetialve been subtracted from the image. White limisate the
outline of an EB. LCC, live cell correction, indies fluorescence associated with living cellsbgen subtracted
from the image. Scale bar = 200 um. D) Mean sitgnof the live/dead probe increased with incnegsi

concentrations of staurosporineP ¥ 0.05 when compared to the intensity of EBs witrgtaurosporine treatment.
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corresponding to 1) the percentage of viable dallan EB and mean extrinsic fluorescence inten@ite/dead
probe) per pixel and 2) mean intrinsic (NADH) flescence intensity and mean extrinsic (live/deacbg)ro

fluorescence intensity. A 95% confiden&< 0.05) interval was applied for statistical sfgrance.

6.3 Induction of Cell Death in EBsvia ATP-competitive Kinase I nhibition

To assess the relationship between cell death acmased live/dead probe intensity we controllably
increased the degree of cell death of murine ESGstt EBs by treating with graded concentrations of
staurosporine, ranging from 0 nM to 500 nM. Staparine is an alkaloid compound producedStseptomyces
staurosporeughat acts as an ATP-competitive kinase inhibitbus promoting caspase 3 expression and inducing
apoptosis in a variety of cell types [145]. It slibbe noted that although staurosporine is a patetucer of
apoptosis, it is very likely that other types off ceeath, such as necrosis and autophagy, whichadsur within the
cell aggregates with and without staurosporinettneat. Here, EBs were treated with staurosporidey after EB
formation. Following treatment, EBs were imagedaasingle time point to detect extrinsic fluoreszemf the
live/dead probe from a single optical section uditigLSM (Figure 6.1A). A strong correlation existed between
the percentage of dead and dying cells of the EBth@ mean intensity per pixel (r = 0.87< 0.0001), that is, the
intensity of the probe (mean intensity per pixereased as the percentage of dead cells incrébipd e 6.1B,
C). Therefore subsequent comparisons between gneaps based on mean intensity per pixel for eachaER
measure of cell death. Next, to determine whetedr death within an EB could be predictably atemwith
staurosporine treatment, the dose response wasnileéel by measuring the mean intensity per pixelthaf
live/dead probe in EBs either without treatmentvigh 100 nM, 200 nM and 500 nM staurosporine expesiMean
intensity per pixel increased with increasing staporine exposure, indicating that staurosporirre lia used to

reproducibly induce cell death in EBSigure 6.1D).

6.4 NADH Fluorescence Intensity Increaseswith Increased Cell Death in EBs

Using staurosporine treatment to induce cell death, tested whether levels of intracellular NADH
endogenous intensity were indicative of cell deat&Bs, using a well-established, extrinsic, liesd probe as the
gold standard to assess cell death. Others hawensthat NADH autofluorescence increases dramdyiéalthe

first few hours after induced cell death and subsatly drops below baseline levels [129]. We fotimel same to be
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true for cells of EBs and, specifically, that NADHtensity peaked approximately three hours follayin
staurosporine treatmenFEigure 6.2). Thus, in order to monitor changes at or near fibak levels of NADH
intensity, EBs were imaged at three hours followstaurosporine (0 nM, 100 nM and 500 nM) treatntenibduce
cell death. Just prior to imaging, the extrinsieldead probe was applied and then EBs were pliatedndividual
wells of gelatin-coated, multiwell microscopy skdeEach EB was imaged on the MPLSM at 890 nm aii20/35
bandpass filter for the live/dead probe and nexiged at 780 nm with a 457/50 bandpass filter forDRA
expression at the same optical plaRggre 6.3). Independent spectrofluorometric analysis in@didadNADH is the
principal contributor to fluorescence emission untteese conditionsFHigure 6.4) [71, 146]. Although flavin
adenine dinucleotide and lipoamide dehydrogenaskl dme excited at 780 nm [147] and contribute ® ititrinsic
intensity of the EBs, the 457/50 emission filteedisn these studies helps ensure the contribugioverwhelmingly
from NADH and again matches known spectral profilesNADH. In addition, extensive testing of casltcultures
revealed no overlap of fluorescence intensity betwBiuorophoresKigure 6.5). Mean intensity per pixel was
determined for both NADH (intrinsic intensity) aiide/dead probe (extrinsic intensity) and plottethtive to each
other Figure 6.3B). To determine statistical dependence of NADHreggion on the presence of dead cells (as
defined by the live/dead extrinsic probe), a Pedsscorrelation coefficient was calculated and foulo be
statistically significant (r = 0.69 < 0.0001). This trend was maintained when indigictreatment groups were
considered separately. Thus NADH intensity refléatell death similar to the live/dead probe andefore could

be used as a noninvasive biomarker of cell deaBBis.
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conditions with imaging (e.g. GDtemperature).
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Figure 6.3 Relationship between extrinsic fluorescence isitgnof a live/dead probe and intrinsic fluoresaenc
intensity of NADH. A) Schematic depicting the erpgental approach designed to determine whether NAD
intensity correlates with cell death. EBs wereagated and treated with staurosporine 3 days Bfeformation.
Just prior to imaging, the extrinsic live/dead prokas applied and then EBs were placed into indalidvells of
gelatin-coated, multiwell microscopy slides. Ed€EB was imaged on the MPLSM at 890 nm with a 520/35
bandpass filter for the live/dead probe and nexaged at 780 nm with a 457/50 bandpass filter forDRIA
expression at the same optical plane. B) Cormaidtietween mean intrinsic fluorescence intensityppeel of EBs
and mean extrinsic fluorescence intensity per pixelstrong correlation (r = 0.6%, < 0.0001) exists between the
known indicator of cell death (live/dead probe) &8DH fluorescence intensity. Each dot represensingle EB
imaged at the same plane for both intrinsic andresit fluorescence using MPLSM. C) Representaitinages of
NADH intensity of EBs and live/dead staining with0Q nM) and without (O nM) staurosporine treatmeBtight

field image is wide field and fluorescent images aptical sections. Scale bar = 200 pm.
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Figure 6.5 Assessment of intrinsic fluorescence intensityN&¥DH and extrinsic fluorescence intensity of the
live/dead probe. To ensure fluorescence intembitynot overlap between imaging conditions defifmdmeasures
of intrinsic fluorescence intensity (excitation 78, emission 457/50 nm) and extrinsic fluoresceimtensity
(excitation 890 nm, emission 520/35 nm), controkE®p row) and those stained with the live/deambpr(bottom

row) were imaged under both conditions. Almosbrerlap was detected between conditions. Scale R&0 um.
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6.5 Low Levels of NADH Fluorescence Intensity of EBs Soon After Formation are Predictive of Functional
Differentiation of Cardiomyocytes

Cell death is crucial for development and homedstasvivo, including in the heart [149-151]. The
physiological relevance of cell death with the “gilialevelopment that occurs with stem cell différation in vitro
has not been investigated. This is an especiafiylenging task since, unlike development, noeaibryoid bodies
give rise to the same cell types and the arrangewagies substantially. Thus a noninvasive bioraad{ cell death
in intact EBs, as we have shown above, is partilyulzseful for discerning the impact of cell dedéspecially at
early phases) on the subsequent development afydartcell types and tissues. Here we investighaé impact of
early cell death on cardiomyocyte differentiatioddunction. To this end, EBs were treated wittusbsporine 3
days after EB formation. Following treatment, Ef#sre imaged at a single time point to detect esitin
fluorescence of the live/dead probe and intrinkiorescence of NADH from a single optical sectidrinalividual
EBs using MPLSM Figure 6.6A). Each EB was then monitored daily for 9 days dags after EB formation) for
the presence of beating areas indicative of cargboyte differentiation. At day 12 after EB fornwat| EBs were
probed for cardiac troponin T (cTnT) expressionimanunofluorescence, to confirm the cardiomyocyterptype
(Figure 6.6B, C). All beating areas detected exhibited correspungdositive staining for cTnT. EBs that formed
beating areas comprised 44% of the total populalitie mean intrinsic and extrinsic fluorescencernsity of each
EB were plotted and those EBs that formed beatingsawere distinguished from those that did Ragure 6.6D).
The EBs that gave rise to beating areas appearédv® low levels of both intrinsic and extrinsiadtescence
intensity. Indeed, both the intrinsic and extrinfuorescence intensity levels of EBs that forniegting areas
versus those that did not form beating areas wetistically different P < 0.01). Interestingly, if an arbitrary
intensity level of 1.0 (normalized a.i.u.) was s¢del, 88% of EBs that formed beating areas had anm&DH
intensity per pixel, at day 3, below that level ssinhilarly, 84% of EBs that formed beating aread hamean
live/dead probe intensity per pixel, at day 3, ketbat level. Thus, the population of EBs thanied beating areas
could be enriched two fold by selecting EBs witkvlendogenous fluorescence intensity. Of note, E&% all
three treatment groups (0 nM, 100 nM and 500 nMitrdouted to the total number of beating areas (73286 and
3% of beating EBs respectively; n > 20 EBs for eachcentration). Furthermore, within the groupEds that
developed beating areas, those with lower levelsither intrinsic or extrinsic fluorescence (i.kess cell death)

were likely to form beating areas sooner. EBs ithgn day 3 that formed beating areas by day 6bezHi
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statistically lower levels of NADH and live/deadifrescence intensity than EBs that formed EBs gni@sor did
not form beating areas. Similarly, EBs imaged op 8ahat formed beating areas by day 9 exhibitatissically
different levels of NADH and live/dead fluoresceriogensity than EBs that did not form beating ar@@gure
6.6E). This trend was maintained even without treatmeith staurosporine when comparing EBs that formed
beating areas by day 6 (mean intrinsic intensixgf0.78_+0.11) to those that did not form beating areasldy 6
(mean intrinsic intensity/pixel, 0.816:07). Thus, NADH levels determined at early tipggnts may be predictive
of the temporal onset of functionally differentidteells of EBs and so might be used as a biomdokaroninvasive

analysis and purification of stem cell aggregatesbth research and clinical application.

6.6 Sorting EBsbased on NADH Fluorescence I ntensity

To demonstrate the use of NADH as a non-invasigenarker to detect a distinct cell fate within aeih
dimensional tissue, STS treated (500nM) and naatg¢ceday 3 EBs were introduced into the MPFC inakgarts
with the intent of positively sorting EBs underggitrauma Figure 6.7A). Previously, we have shown that the
global fluorescence intensity of NADH peaks appneadely 3h after STS treatment, therefore sortinghenMPFC
was performed at this time. Before sorting, cdrigpulations were analyzed without sorting, bogated and non-
treated EBs were analyzed on the MPF@\(re 6.7B). The fluorescence intensity threshold was seh shat 95%
of treated EBs would be positively selected. Therescence intensity was normalized to the meatheftotal
sample input population for a given experiment, ttubiological and instrumental variability betweexperiments.
Post flow static imaging was performed for one igftdals to determine the relative NADH fluorescenintensity
of the resulting populations. This ensured thas¢hBBs selected in flow display the same degrdtuofescence
intensity when measured statically. Normalized miaorescence intensity detected in flow of sortechpared to
main outlet populations were not statistically eli#fint from static measurements of the isolated &Bilations after
flow (1.6 +0.2 and 0.7 0.2, 1.5 +0.3 and 0.8 0.2, respectivelyfigure 6.7C). Moreover, sorting efficiency was
determined by dividing the number of positivelytedr EBs that were collected by the number of EBeded in
flow, and was determined to be 80%18% (n=3). The experiments yielded a total emmieht ratio of 13 +16.6

(Figure 6.7D).
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Figure 6.6 Intrinsic fluorescence intensity of NADH as a g¢iictive index of cardiomyocyte differentiation. A)
Schematic depicting the experimental approach desdigo determine whether NADH intensity levels atearly
time point after EB formation are indicative ofdatfunction of differentiated cardiomyocytes. EBsre treated
with staurosporine 3 days after EB formation. &wlhg treatment, EBs were imaged at a single timiatgo detect
extrinsic fluorescence of the live/dead probe aridnisic fluorescence of NADH from a single opticaction of
individual EBs using MPLSM. Each EB was then morr@tl daily for 9 days (up to 12 days after EB faiiorg for
the presence of beating areas indicative of cargimyte differentiation. B) Microscopic observatioha beating
area. Shown is a bright field image with the begtiegion outlined in black. C) Cardiac troponicTnT) staining
corresponds to microscopic observation of beatielgabior. EBs were formed and plated in 9 x 2 nilides.
Upon observation of beating areas, immunofluoreseestaining for cTnT was performed. In all casdens
beating cells were observed, cTnT staining was alsserved. Shown is the outline of the beating aard
corresponding cTnT staining (red) superimposedherbright field image. Scale bar = 200 um. D)tiibsition of
EBs which give rise to beating areas at 6 — 12 defteyr EB formation and corresponding levels ofiirsic
fluorescence intensity of NADH and extrinsic fluscence of the live/dead probe detected 3 days &fer
formation. E) Comparison of mean intrinsic fluaresce intensity of NADH of EBs and the time aftd8 E
formation that beating areas appear. EBs with to@an intensity per pixel of intrinsic fluoresceringensity of
NADH soon after EB formation are more likely to gisise to beating cardiomyocytes at later time fsdihan those

with high levels early on @ < 0.05).
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Figure 6.7 Sorting HMI EBs based on NADH fluorescence inigns (A) EBs were harvested on day 3 of
differentiation and either treated with staurosper{(500nM) or not treated (0 nM) for 2 hours. BERare then
sorted based on NADH fluorescence intensity 3 h@ast treatment, and subsequently plated onto pobrse
dishes and cultured. On day 12 of differentiatieBs were assessed for beating areas and fixeditofer cTnT.
(B) Those EBs with NADH intensity greater than &.1lu. (i.e. the sorting threshold) were positvetlected and
directed to the sorting outlet port, while thosehwiess than 1.1 a.i.u. naturally flowed to the maitlet port. (C)
Fluorescence distributions of resulting sorted pagans. (D) Sorting efficiency and enrichmenigaf 3 separate
experiments. (E) The percentage of beating aardTnT expression per EB of resulting sortedupaijons (*P

< 0.05).
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Finally, to demonstrate the utility of this methéat purifying functional differentiated phenotypese
guantified the percentage of EBs that formed bgatardiomyocytes by plating the sorted populatiohEBs and
observing the development of beating areas up dail13 of differentiation when they were fixed astdined for
cardiac troponin (cTnT). The default populatiord rea significantly higher percentage of beating sré0.7 _+
5.6%) compared to the sorted population (70H%). This qualitative assessment was confirmigd significantly
higher cTnT expression per EB (18.94+1 a.i.u. and 9.6 8.0 a.i.u.) for the main and sorting populations,

respectively Figure 6.7E).

6.7 Sorting Pancreatic | detsbased on NADH fluorescence Intensity

To test the ability of the MPFC to non-invasivglyrify a healthy population of pancreatic islets we
analyzed and sorted the microtissues based on NARpression a short time after explanted from mice
(approximately 3h). NADH expression per islet wealculated on the MPFC by employing our real-time
fluorescence intensity per unit area measuremaetit that the intensity for each islet was normalibaded on size.
A pre-sort analysis trial was conducted to deteemthe size and fluorescence intensity distributafna
representative islet fractiofrigure 6.8A, B). We were interested in the size distributionguse large microtissues
of varying size and shape have very unique flowatteristics within our microfluidic device. Ascansequence,
the sorting pulse (i.e. duration of time the saytoutlet port is open for a single detected eveni¥t be increased to
accommodate a wider range of particle velocitiesom the histogram depicting NADH fluorescence ristyy, a
threshold was set such that the islets with thédgg NADH expression (i.e. top 25%) would be puslti sorted
(Figure 6.8B). In this way, we sought to remove a populatiath\a high degree of cell death. After sortindgts
from both the main and sorting outlet ports werlected and countedr{gure 6.8C). Sorting efficiency was
determined by comparing the number of islets plasicollected from the sorting port, to the numbémpositive
events detected in flow. A sorting efficiency af. + 12.0% and enrichment ratio of 20.712.0 were achieved
(Figure 6.8D). Thus, sorting parameters (i.e. pulse and tirmky) and imaging settings were properly set to

accommodate a very broad size range of islets.
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Figure 6.8 Sorting of pancreatic islets based on NADH flsoence intensity. (A) Size distribution of pamtie
islets measured during pre-sort analysis trial #)=8B) NADH fluorescence intensity distributiomeasured in
pre-sort analysis trial (n=84). (C) Islets witthDH intensity greater than 1.1 a.i.u. (i.e. thetisgy threshold) were
positively selected and directed to the sortindedytort, while those with less than 1.1 a.i.uwfia to the main

outlet port. (D) Sorting efficiency and enrichnheatio of 5 separate sorting trials.
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Figure 6.9 Insulin secretion response of islets grouped raicg to increasing (1 — 20) NADH fluorescence
intensity. (A) Fold stimulation (ratio of stimuél to basal secretion of insulin) of islets gradipased on their
relative expression of NADH fluorescence intensisymeasured in microwells on the MPLSM. Grouprasle up
of 4 islets with the lowest NADH intensity of th@ &lets imaged, while group 20 contains 4 isleith wighest
NADH intensity relative to the entire group. (Bjold stimulation normalized to the area of isledsr@asured on

the MPLSM.



Table6.1 Insulin secretion response of islets grouped raiieg to increasing NADH fluorescence intensity

1 0.64 15 5
2 0.73 9 4
3 0.77 4 2
4 0.80 2 1
5 0.84 8 5
6 0.87 26 12
7 0.90 42 17
8 0.92 11 8
9 0.95 8 4
10 0.97 41 30
11 0.99 67 19
12 1.02 36 22
13 1.03 4 3
14 1.06 8 6
15 1.09 4 5
16 1.15 4 4
17 1.18 7 7
18 1.24 9 9
19 1.32 3 6
20 1.56 19 9
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6.8 Detection of NADH Fluorescence I ntensity in Pancreatic Islets soon after Explantation can be Predictive
of Insulin Secreting Capacity

To determine whether metabolic activity of islets,measured by the NADH fluorescence intensity is
indicative of the ability to secrete insulin in pesise to glucose stimulation, we imaged and sulesgtyugrouped
islets based on the NADH expression on the MPLSbhsdter isolation from mice. Islets were placeidi9x2
ibidi microwells and excited at 780 nm to measuADM fluorescence intensity. Next, images were yred by
measuring fluorescence intensity per unit areagusitageJ software. Based on these measuremdets,viere
ordered according to their relative NADH intenditym lowest to highest and assigned to groups dBdoup 1
contains the four islets with the lowest NADH irgéy, and each subsequent group has a higher mabtN
intensity than the preceding groupaple 6.1). Basal insulin secretion was defined as respohggets to low
glucose concentration (1.7mM), while stimulatedilimssecretion was defined as response of isletégio glucose
concentration (16.7mM). Fold stimulation was deti@ed by taking the ratio of stimulated to basalim
secretion. Fold stimulation was plotted accordimgroups of islets (increasing from 1-20) defitgdncreasing
NADH fluorescence intensityF{gure 6.9A, B). Interestingly, islets with the greatest foldhailation and thus
those most able to respond to glucose stimulatierewgroups 7, 10, 11, 12 (gray rowsble 6.1), corresponding to
normalized NADH intensities of 0.9, 0.97, 0.99, dndl, respectively. Groups 1-6 and Groups 13-20,
corresponding to NADH intensities of 0.64-0.87 dn@i3-1.56, respectively, registered minimal folurstiations
(<20). Therefore, islets with medium levels of NABluorescence intensity, relative to the whole wagion, have
a higher potential for secreting insulin in respots glucose stimulation. These data can now bd tesinform

studies aimed to purify functional islets for trplastation.

6.9 Discussion

In this study we show that the intensity of NADHidtescence changes in response to staurosporine-
induced cell death in murine EBs and so might kexdus reliably and noninvasively assess viabilitye®s and
other microtissues. Increased NADH expressiorr afguction of cell death has been observed inrotlked types
[129-131] though this is the first study to show such goese in intact cell aggregates. Furthermore, tilizad

real-time imaging processing tools to sort a miyegulation of treated and non-treated EBs basedABH
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fluorescence intensity and isolated a populatia yields a significantly higher percentage of ngpaireas than the
unsorted population.

We have focused here on analysis of EBs, since tisestill much to learn from these aggregategims
of the spatial and temporal cues that give risgatdicular differentiated cell types [152-155]. \iwere particularly
interested in the impact of severe cellular sta@sgater, long-term function of mature cells typdsuture studies
could more effectively tap the ability to trackrinsic fluorescence of the same EB over time, lsessing the
progressive contribution of cell death to the depelg EB. It is possible that cell death at looedi and low levels
may be beneficial and not detrimental in the depielp EB. Similar approaches could be applied tp eell
aggregate, including tumor spheroids, pancreatetsis neurospheres, cardiospheres, lymphoblasteiid and
perhaps most interestingly ia vitro, three-dimensional (3D) engineered tissue modelsie @rimary goal of
engineered tissue models is to present cues inra dafined manner than that of the heterogeneougd&wed in
[156-157]) and noninvasive assessment of cell deatiid advance these efforts tremendously. We asiph here
the utility of NADH as a biomarker of stem cell dean cell aggregates, however the approach isaicayt
applicable to analysis of single stem cells as.wllthis case single photon fluorescence micrpg@mnd traditional
flow cytometry techniques might be effectively enydd since sample thickness is relatively smatlall cases, the
spectral profiles in both excitation and emissidiowdd be carefully considered and experimental ogkth
accordingly adjusted so as to avoid signal froneratitive sources of intrinsic fluorescence thatl¢anclude
cellular elements, extracellular elements or evemtan small molecules used to induce cell death.,(i
camptothecin) that fluoresce in the same regiah®®emission spectrum as NADH.

Changes in NADH intensity with cell death are tidependent and so would most effectively align with
changes in cell death soon after induction of trawmn exposure to signaling molecules that prometk death.
Time-dependence of NADH expression is beneficiatamditions of induced cell stress, since analysas be
orchestrated to correspond with peak expressiooweder, in the course of typical culture, stem egjgregates
exhibit constant, low level, cell death that shobkl detectable at any given time point. In otherds, the large
number of cells analyzed (as opposed to a sindlg easures a high probability of accurately caipty the global
health of the EB. Indeed, EBs without staurospotieatment that ultimately give rise to beatingaarexhibit the

same trend of lower mean intrinsic fluorescencerisity than EBs that do not generate beating areas.
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It should be noted that the distribution patterrflobrescence intensity of the intrinsic fluoropésrand
extrinsic markers are not alike. The extrinsic gligdds a punctate pattern while the intrinsic flegcence is diffuse.
This difference likely reflects the difference ruotly in binding target but also in the temporal démv of cell death
associated with each “probe”. The extrinsic maikientifies cells with permeable membranes, likafythe later
stages of cell death. In contrast, the autoflumesintensity corresponds to fluctuations of NABtdt can occur at
both early and late stages of cell death and doeseatessarily imply a compromised cell membrafdditionally,
the heterogeneity of cell types comprising the eaggtes may be more or less resistant to cell dgeattassociated
membrane permeability (extrinsic probe), while evbose cell types more resistant to cell death wexhibit
fluctuations in NADH in response to stressful stiinfiue., staurosporine treatment).

Another important consideration is that NADH amoand state in healthy stem cells and their progeny
can be altered as a consequence of other cellidmsciL58], especially differentiation [79-80, 1463]. A variety
of studies suggest that pluripotent stem cellsnagéabolically distinct from differentiated cellsg4-167]. As one
example, pluripotent stem cells can proliferated anay preferentially maintain pluripotency, in apbyic
environment [168]. These studies suggest that stdta are preferentially using, or at least arpatde of using,
non-oxidative pathways as opposed to oxidative phowylation predominantly employed by most matued c
types. Thus, we and others have begun to invéstiti@ concept that intrinsic fluorescence sigrestuincluding
fluorescence intensity and fluorescence lifetimé] [@f bound and free NADH [117] in particular, cdube used to
identify changes with stem cell differentiation J4%pecifically, human mesenchymal stem cells (iS€how an
increase in NADH fluorescence intensity and therfascence lifetime of bound NADH as they differatgitoward
bone and fat lineages [161]. In addition, disdamidifferences in fluorescence intensity and ilifet can be
identified with differentiation of salivary glandesn cells [160]. Thus it is clear that intrinsic fluorescence of
metabolites can serve to distinguish viable celtenf dead cells and mature cells from progenitdracking are
comprehensive studies and robustly defined paramtgealistinguish each stem cell state (e.g., eiabtoliferative,
migratory and differentiating) and sub-state (ecgll death due to apoptosis, necrosis and autgphagowever,
the work presented here takes one clear step towefiding parameters for viability of stem cellstabe points
when the majority of cells of EBs are still in aippotent or at least multipotent state.

Here, consistent increases in NADH fluorescenaensity are evident with induced cell death in EBd &

was demonstrated that the percentage of EBs thatrige to functional cardiomyocytes is higher iBsBhat had
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lower fluorescence intensity, either endogenousrésponding to NADH) or exogenous (correspondingato
commercially available live/dead fluorescent protsgjon after EB formation. To further demonstrae wtility of
NADH as an indicator of cell death, we sorted EBsthe MPFC based on their endogenous fluorescence.
Consistent with static experiments, those EBs \dthh NADH fluorescence intensity were more likely adopt
functional cardiomyoctes during differentiationThis technology, and others like it (reviewed i169]), coupled
with the knowledge gained in this study, have tnedoais potential for both basic research and clintetlular
transplantation in that the structure of the aggtegan be maintained, exogenous labels avoideguarification
achieved in an enhanced-throughput fashion.

Pancreatic islets have been identified as a m&so# population that endure stressful explantation
procedures that result in variable amounts of delith. Re-implantation of these pancreatic idhetge clinical
potential for treating type | diabetes through oestion of beta cell function within islets if thslets can be
effectively managed ex vivo [170]. Such a clinipabcedure would greatly benefit from a means ta-imvasively
purifying microtissues exhibiting higher percentagé viable cells. We have taken initial stepsl@ermining the
potential of using NADH as an indicator of cell thean pancreatic islets, and studied how that wipact on
functional capacity and potential for re-implargatinto mice. Grouping islets based on relativpression levels
of NADH fluorescence, we sought to investigate asille correlation with functional potential (i.easulin
secretion). We found, those islets with a mid-lemepression of NADH fluorescence had the highesiorof
stimulated to basal insulin secretion (fold stintigia) in response to glucose stimulation, whethenat islet size
was used to normalize measured secretion valbiggire 6.9A, B). We have also shown the ability to sort
pancreatic islets with high NADH expression, inatempt to remove islets with a high percentagdezfd cells.
Certainly, cell death contributes to the metabsignature of the pancreatic islets as a whole,iisdvery likely
that NADH fluorescence will increase with increagitell death, however more studies will be necgsaclarify
this relationship. To further investigate thisat@nship, the relative contributions of cell deaththe overall
NADH fluorescence intensity could be determinedhvgtatic experiments performed where NADH expres$so
compared to an extrinsic live/dead probe (simitatitose performed on EBs). Additionally, we witlvestigate
NADH fluorescence intensity at incremental timerpeisoon after explantation to determine when amlgnd/or
sorting should be performed and whether isletshahi similar profile to stem cell aggregates affexrurosporine

treatment.
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Further complicating the relationship between linssecretion and NADH intensity of intact islesstheir
heterogeneous cell composition. Mouse pancresititsiare composed of roughly 75% insulin secrdbietg cells,
15% glucagon secreting alpha cells, as well aslemaércentages of delta, epsilon and pancreatiyppptide cells
[171]. Alpha cells have a higher basal metabalie than beta cells, secreting glucagon at lowdtglocose levels,
and are inhibited when blood glucose levels ris®]1 Recently, co-localization studies elucidatiee relationship
between alpha cells (detected by a EYFP reportetraited by a glucagon promoter) and NADH intensitighin
intact islets with two photon excitation [172-173imilar studies detecting the presence of bdta and other cell
types making up the pancreatic islet will contrbwid the understanding of the overall islet metabsignature.
Indeed, NADH fluorescence intensity drasticallyrgmses in response to glucose stimulation [115], Prdnarily
as a result of the increase in metabolic demand francreatic beta cells to secrete insulin. Howaweasurement
of NADH intensity in future sorting trials will bperformed at low (basal) glucose levels, where y@othesize that
a high degree of cell death within islets will imdua discernible increase in NADH intensity compat@ those
islets with minimal cell death. Future studieslwtied light on the many contributors of the metiabprofile of
pancreatic islets, and potentially enable the MP#®Cnon-invasively purify healthy fractions of idetor

transplantation.
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CHAPTER 7
Discussions, Future Directions and Recommendations

The ultimate goal of this project was to develomiarofluidic device that could be coupled to a siag
multiphoton laser scanning microscope, and woultVigle a platform to analyze and sort microtissugsed on a
variety of characteristics, most notably endogenprgperties. To this end, the MPFC has been ualitiao
measure and subsequently sort EBs based on siZtuarescence intensity originated from exogenaug.(genetic
reporter constructs) and endogenous (e.g. NADHrdiphores. Although experimental goals have beet there
are still many improvements to be made that woulther increase the utility of the system. Futadifications
to all three primary components of the MPFC (ileidics, optics and data acquisition) would conité to
improving the quality of results and user experégencSuch modifications would be made with the foonsl)
increasing the speed of acquisition while improvjgthe accuracy of the measurement on microtissres 3)

further automating the system with an enhanced-inserface.

7.1 Fluidics
Madifications to the fluidic component of the MPR@uld improve the accuracy of the measurement and

sorting efficiency of microtissues. The purposetha fluidic component is to precisely and reprabdiycdeliver
microtissues to a defined spatial position to balyaed, and additionally, to sort all particlesttaee selected by the
software. In a perfect world, particles of varyisge and shape would flow in a single file linesipghe
interrogation region at a constant velocity, subhttno particles align on the edge of the imagelals(i.e.
interrogation region), or miss it completely. Mawpnfounding factors such as size, shape, adhesiod,
agglomeration can impact microtissue position aetbaity within the flow cell. One way to addredsese
problems and improve the performance of the fluihenponent is simply to increase flow rate. In ipnalary
studies, we have shown that increasing the floe odtthe system will more tightly focus particlésvarying sizes
toward the center line of the channel while alsordasing the range of velocities at which the pledi travel.
Moreover, the particle separation along the lonig ak the channel is improved, reducing the nundfgparticle-
particle interactions and coincidence events [84k particles are more precisely delivered to thterrogation
region, imaging constraints like using low optizalom and low resolution may be reduced, thus impgpthe

quality of the image and measurement. Currently flates are limited by the speed of image acqaisiti As
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scanning technology improves, increasing flow ratethe system is a simple adjustment that wilbwalifor more
accurate measurements, increased throughput ahdrtsgrting efficiencies. Another attractive saduatifor more
efficient focusing of microtissues in flow, is totronly focus them laterally, but also verticakbych that particles
are focused in two dimensions.

This so called 2-D focusing has been accomplidieedsmall particles and single cells, but could be
designed to accommodate larger 3-D microtissuewedls Howell Jr.et. A[91] proposed an easily fabricated
design requiring only two inputs that requires @agvchevron features into the top and bottom obw fchannel.
The chevrons effectively transport fluid flowing thre sides to the middle along the top and bottbthe channel,
compressing the sample stream vertically. Eaclitiaddl chevron that is added to the design witiguce a greater
vertical focusing affect as well as a slight expansn the horizontal direction. Sheath to sanffiev rates ratios,
as well as number of chevron pairs will ultimateltermine the area and shape of the cross sectosalof the
sample stream. We have performed preliminary exmets with focusing fluorescein dye both lateradiyd
horizontally, with the use of chevrons in a scalgpdmicrofluidic channel that could accommodate dapgrticles
(Supplementary Figure 4, Appendix). As throughput of the system is able to improweplementing a 2-D
focusing mechanism would both improve the accuraetyarticle detection and improve sorting efficignoy
providing more predictable particle velocities.

Modeling of microtissue interactions in microfluiddevices would provide a platform for optimizing
conditions in microtissue analysis and sorting expents. One extensive study modeled particle-glarti
interactions in flow with various force coupling theds (one-way, two-way and four-way), that wasethejent on
the volume ratio of particles in flow [89]. Thestdies and others [175-176] have shed light ondagepts such
as drafting, kissing, tumbling effects (DKT), walduced lift forces, and rotational effects of spte particles in
two-phase particulate flows. In light of the mafioyces imposed on large particles in the contextiaf, it is
important to understand the implications of inpatgmeters (i.e. particle concentration, size) enpbrformance of
the device or instrument. Currently, two-phaseipalate flow modeling can be computationally irgive, and
simulations have been limited to spherical parsicl&s simulations are typically performed on spbkeit would be
beneficial to extend simulations to other typeS8 tissues of different shapes like cubes, diskgubes that are
often engineered in the lab. Currently, flow ratesthe MPFC create highly diverse fluidic interags when

introducing non-spherical shapes of microtissuaes thake analysis and sorting difficult. Future eloty efforts
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investigating alternative flow cell designs thatulbcomplement various types of tissue construaislevfurther

enhance the capabilities of the MPFC, and incrdasaumber of applications available to users.

7.2 Optics

Improvements to the optical scanning electroniacamanent of the MPFC would greatly increase speed of
image acquisition. The MPFC uses a laser scanmungga system that is mostly limited in acquisitispeed by the
galvanometer mirrors which are driven with a lineawtooth control waveform at the rate of severafroseconds
per pixel. This results in a effective scan rategrag from 500 ms to 2 s depending on image dino@ssiThis
scanning system is ideal for high resolution cotiegal multiphoton but not for the MPFC where spéedritical.
For future MPFC development there are severalegii@é we are investigating for faster image actjoisi These
fall into two general categories: 1) alternativarsuing approaches with the current galvanometemonsirsuch as
line scanning and faster waveform patterns 2) radtiéve scanning mirror approaches such as res@tamning
mirrors that can collect 30 frames/second or hidfiyeallowing the beam to be raster-scanned achassgecimen at
higher speeds. Increased scanning speeds would #il® volumetric flow rates to be increased by atep of
magnitude, greatly reducing the variability of jpaet position and velocity within the flow cell. @sequently, this
would allow for the user to increase zoom and/@ objective lenses with a higher numerical apeyttugher
improving the resolving power of the system. Fipalinage scanning speeds would allow for highesughput and
sorting rates of the system, allowing the MPFCatetone step closer to becoming a clinically rei¢wuastrument.

Another important improvement to the optical setfiphe MPFC will be to add one or more PMTs far th
ability to simultaneously detect and sort basedvwamor more fluorescent markers present in an BB.increasing
the number of detection parameters, users willlide ® target specific cells that necessitate #ieation of more
than one surface marker (e.g. CD profile for Mebgntal Stem Cells) within 3D microtissues. Simyarbne
could envision sorting based on the presence p§trgptional reporter lines as well as metabolterimediates such
as NADH to at once separate viable cells (NADHvatpropensity to become a particular cell typan@criptional

reporter) in microtissues in an enhanced througfgsltion.
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7.3 Software

Future modifications to the software componenthae MPFC will strive to develop a fully automated
system. In the current version of the Flow Cytameoftware in WiscScan, many functionalities andions are
now available that have partially automated expenits and improved results. For instance, Wiscscanpletely
controls the fluidic component by allowing the userstart and stop flow, toggle outlet pins, anusei all lines.
Additionally, the MPFC software allows the userd&fine a number of parameters to sort based oludimg size,
mean intensity and total intensity, and displayasoeements of all of these parameters in real-tini@espite the
improvements that have been made, the software medjuire more improvements to fully maximize the
applicability of this technology. Future effortsoalld seek to design a real-time graph displayyramon feature in
single cell flow cytometers for a more user-frignallsualization of the data. Commonly, such feasuallow for
adjusting sorting thresholds in real-time whilepliyying percentages of cells present in regiongtefrest. This
feature helps the user make decisions on the'ily,emsily remove unwanted outliers from their daiaditionally,
implementing automated sample handling programs$ pvdvide much more user-friendly setup and coitect
procedures for operation of the MPFC. In its corstate, the MPFC requires the user to manuathoxe samples
from collection tubes. In the future, sample antlection reservoirs should be equipped with predidings to
connect to the fluidic network to enable more systtheckpoints, and remove the necessity of a &sKiluser to
run the MPFC. The software improvements alondp witght modifications to the fluidic assembly wilfovide a

more sound experimental experience for the usérallow more investigators to use the instrument.

7.4 Investigationsof intrinsic fluorophoresand utility for study of 3D microtissues
Advanced optical techniques accessible on the MP&Cyield information related to the physiological

state and molecular environment of cells or missates [39]. We have already utilized the MPFCdietection of
intrinsic fluorophores, such as NADH and FAD. Asyiously described, NADH and FAD are important ahetlic
intermediates that can provide information abolltared tissue viability and even differentiationtential. If image
scanning speeds were increased such that sindgkeselution was feasible, EBs could theoretichllysorted based
on the number of pluripotent cells [49] or diffetiation potential. Another very interesting applion unique to
two-photon excitation is second harmonic genergtiagiY]. This non linear optical phenomenon hasdigability

of detecting biological structures such as collagemyosin, and microtubules [178-179]. Static esments
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attempting to correlate the presence of thesetanes and their biological impact may provide mapplications
for sorting 3D tissues on the MPFC in a non-invasivanner. For instance, detection of SHG on th&®Pould
provide a platform for new 3D model systems suglmasenspheres [180] that are known to producegssiland
other ECM proteins during differentiation. In thigy, expression levels of various ECMs could bedjmtive of
differentiated progeny of mesenchymal stem cefignilarly, the ECM could be probed on the MPFC xplanted
tissues such as pancreatic islets, where the presainsuch proteins are critical to survival, fuonal insulin

secretion and overall architecture of islets [181].
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