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 Abstract
Noninvasive biomarkers hold important potential for the characterization and purification of stem cells because the addition of exogenous labels, probes, or reporters, as well
as the disruption of cell-cell and cell-extracellular matrix interactions, can unintentionally but dramatically alter stem cell state. We recently showed that intensity of the
intrinsically fluorescent metabolite, nicotinamide adenine dinucleotide (NADH), fluctuates predictably with changes in stem cell viability and differentiation state. Here, we
use multiphoton flow cytometry developed in our laboratory to rapidly and noninvasively characterize and purify populations of intact stem cell aggregates based on
NADH intensity and assessed the differentiation capacity of sorted populations. We
found removal of aggregates with NADH intensity indicative of cell death resulted in a
remaining population of aggregates significantly more likely to produce beating cardiomyocytes (26% vs. 8%, P < 0.05). Similarly, we found isolation of stem cell aggregates
with NADH intensity indicative of future cardiac differentiation gave rise to more
aggregates with beating cardiomyocytes at later time points (50% vs. 28%, P < 0.05).
Further, coupling NADH intensity with gating based on size, enhances the enrichment
for EBs capable of giving rise to cardiomyocytes (59% vs. 27%, P < 0.05). Thus, we
demonstrate that endogenous properties of cell aggregates, such as NADH and size, can
serve as gating parameters for large particle sorting devices to purify populations of
stem cells or their progeny in a noninvasive manner, leading the way for improved therapeutic applications. VC 2014 International Society for Advancement of Cytometry
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THE two primary biological properties of stem cells are self-renewal and the capacity
to differentiate into multiple cell types. These unique properties distinguish stem
cells from lineage-restricted somatic cells and position stem cells to serve as predictive models of development (1,2), pathogenesis (3,4), and drug toxicity (1,2) and,
ultimately, to enhance regenerative therapies. For example, embryonic stem cells
(ESCs), which originate from the inner cell mass, are used to test the effects of toxins,
such as second-hand smoke, on preimplantation development (1). Alternatively,
ESCs can be genetically altered to replicate human genetic defects. In particular, an
in vitro model of Down Syndrome has been accomplished by incorporating a single
human chromosome 21 into murine ES cells (4). Model systems such as these are
valuable tools for basic research and useful alternatives to animal models. However,
if stem cells (including ESCs, induced pluripotent stem cells, adult hematopoietic
stem cells, or adult mesenchymal stem cells) are to be effective in this capacity, or in
the context of regenerative therapies, it is imperative that the maintenance and loss
of differentiation capacity be tightly regulated and closely monitored.
Most current means to screen or monitor stem cell state rely on the application
of extrinsic labels or probes, such as fluorescent molecules bound to antibodies or
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peptides, or genetic modification to incorporate reporter molecules. Further, many techniques also require disassociation of
stem cells from neighboring cells, as well as from the culture
dish or scaffold on which they were initially seeded. These
manipulations cause changes in stem cell state (5–9), meaning
that the efforts to characterize stem cells can themselves
change the characteristics of the cells. One potentially powerful
approach to avoid application of extrinsic labels is to use intrinsic fluorescence signals. Some well-characterized contributors
to cellular fluorescence are the intrinsically fluorescent metabolic intermediates, Nicotinamide Adenine Dinucleotide
(NADH) and Flavin Adenine Dinucleotide (FAD). We have
focused our current efforts on NADH, due to its key role as a
carrier of electrons involved in many important metabolic
pathways, including glycolysis (10), the tricarboxylic acid cycle,
and the electron transport chain. NADH has two forms in cells:
free and protein bound. Most bound NADH is found in the
mitochondria while free NADH exists in both the cytoplasm
and the mitochondria (11–13). NADH fluorescence intensity
changes have been used to study cell metabolic activity in vitro
and in vivo for many years (14–18). Recently, we demonstrated
the utility of NADH fluorescence intensity as a noninvasive
indicator of cell death in stem cell aggregates, measured using
multiphoton excitation. In particular, we showed that the
degree of stem cell death, identified by NADH intensity, at early
stages of differentiation is predictive for the formation of functional cardiomyocytes (19). In a second study, we quantified
changes in endogenous fluorescence occurring with pluripotent
stem cell differentiation (20). We found that cellular-scale fluorescence intensity and lifetime of human embryonic stem cells
decreased with differentiation. What emerged from these studies was a practical and accessible approach to evaluate, and ultimately enrich, living stem cell populations based on changes in
metabolism, including changes that could be identified early in
development, potentially predictive of subsequent differentiation state, that could be exploited for both research and clinical
applications.
The utility of endogenous fluorescence to identify cells in
a given state of differentiation requires appropriate technologies for visualizing those endogenous signals. Multiphoton
laser scanning microscopy (MPLSM) is uniquely suited to
detect endogenous fluorescence, particularly in intact threedimensional structures, due to the broad tunability of its excitation sources, as well as improved deep sectioning, viability,
and signal to noise compared to traditional optical approaches
(21,22). Given these unique properties of MPLSM and clear
benefits for stem cell imaging, we developed a novel multiphoton fluorescence excitation flow cytometry (MPFC)
instrument to accurately probe cells deep in the interior of
multicell aggregates or tissue constructs in an enhancedthroughput manner (23). This system can excite endogenous
fluorophores, thereby avoiding the application of exogenous
fluorescent labels. In addition, MPFC can analyze and sort
aggregates based on multiple parameters. This multiparameter
assessment is especially important for stem cells as (1) accurate characterization often relies on detection of multiple
parameters [e.g., expression of at least two particular proteins
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(24) or fluorescence intensity and lifetime (20)] and (2) multiple parameters [e.g., individual cell health (25) and aggregate
size (26)] contribute to the differentiation of stem cells. Here,
we sought to validate the ability of our prototype MPFC
system to noninvasively purify populations of stem cell aggregates (embryoid bodies, EBs) based on viability and differentiation potential via detection of NADH at early time points
in differentiation.

MATERIALS AND METHODS
Cell Lines and Culture Conditions
HM1 or D3 mouse ESCs were cultured as previously
described (27). ESCs were harvested and resuspended in
DMEM (company) 1 10% FBS (company) (no LIF or
BMP-4) at 1.6 3 104 cells/ml. This cell suspension was used to
make 30 ml hanging drops over 13 phosphate buffered saline
(PBS) in 100 mm Petri dishes (28). EBs were harvested 3 days
after formation (day 3); this stage served as the time point for
initiation of all studies described here.
Sorting of EBs Based on NADH Fluorescence Intensity
Using the MPFC
HM1 EBs were harvested at day three of differentiation
and subsequently treated with staurosporine (STS; Sigma
Aldrich, St. Louis, MO). STS was applied to EB populations at
a concentration of 500 nM for 3 h. After treatment, EBs were
washed once with 13 PBS and resuspended in Dulbecco’s
Modified Eagles Medium plus 10% fetal bovine serum. The
Ti:Sapphire laser was tuned to 780 nm, and a 457/50 nm emission filter was used to exclude confounding autofluorescence.
Treated and untreated populations were analyzed separately
on the MPFC before the sorting trials to determine each
respective distribution of NADH fluorescence intensity. A
real-time fluorescence intensity calculation (as previously
described) (29) was used to determine total NADH expression
per EB. Briefly, bright field images of EBs were used to identify
the borders of EBs and total NADH fluorescence confined by
this border was determined, thereby accounting for the noncontiguous distribution of intensity in each EB. Total NADH
intensity was used to set a sorting threshold such that 95% or
more of the treated population would be positively selected in
the sorting trials. In this way, EBs with high NADH intensity
were positively selected and diverted into the sorting port
while those with relatively low NADH intensity flowed directly
to the main port. After sorting, EBs from each port were collected and counted to determine sorting efficiency and enrichment ratio. Finally, EBs were plated onto 0.1% gelatin coated
polystyrene dishes at a density of 1–4 EBs per cm2 for longterm culture and assessment of beating areas (BA). EBs with
at least one region exhibiting pulsing behavior akin to the
beating of the heart were designated “EB with BA.” The percentage of EBs with BA was simply the number of EBs with
BA divided by the total number of EBs for a given treatment
group.
For differentiation studies, unmanipulated D3 EBs were
harvested on day three of differentiation and sorted according
to the following criteria. Initially, a single threshold was set
Sorting of Intact Microtissues Based on NADH
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Figure 1. Enrichment of viable EBs based on NADH fluorescence intensity. A: EBs were harvested three days after EB formation and
treated with STS (500 nM) for 2 h. EBs were then sorted based on NADH fluorescence intensity (top fifth percentile) and subsequently
plated onto polystyrene dishes. Nine days after sorting (12 days post-EB formation), EBs were assessed for BA. B: Distribution of NADH
fluorescence intensity of sorted populations on day 3 of EB formation and following STS treatment. The arbitrary intensity values were
normalized to the intensity threshold for each experiment. C: Percentage of EBs, which produced BA in sorted populations. The percentile
ranges for multiple experiments were 14–44% (Main) and 0–14% (Sorting). *P < 0.05. a.i.u 5 arbitrary intensity units.

such that the top 35% of EBs from the intensity distribution
would be diverted to the sorting port (Fig. 2B). Subsequently,
EBs were sorted based on both size and intensity thresholds
(Fig. 2E). Size was determined as previously described3 using
the ImageJ function “Find Edges” to highlight the border of
the EB using the bright field image. To ensure that small edge
scan effects did not affect accurate measurement of the EB
border, the “Gaussian Blur” function was used to smooth the
highlighted borders in the image. Finally, a sigma radius of 2.2
was used to accurately estimate the particle size. The resulting
sorted and default populations were plated onto 0.1% gelatin
coated plates and allowed to proliferate and differentiate until
day 12 of differentiation, when they were assessed for BA.

RESULTS

To that end, EBs were formed and three days later treated with
STS (500 nM) for 2 h to induce cell death (Fig. 1A). Following
STS treatment, EBs were analyzed using the MPFC to determine the distribution of mean NADH intensity per population.
A threshold was set at a level corresponding to the top fifth percentile of mean NADH intensity (Supporting Information Fig.
S1). Cells of EBs with an NADH intensity level above this
threshold were previously shown to be prone to cell death (25),
therefore removal of EBs above this threshold should yield a
remaining EB population enriched for viable cells. Having
established a sorting intensity threshold, or gate, EBs were
introduced into the MPFC for sorting. Those EBs with intensity above the threshold were diverted to the sorting port while
those with intensity levels below the threshold continued to the
main port (Fig. 1B). After sorting, enriched populations were
placed in culture dishes and 9 days later were scored for BA
(indicative of cardiomyocyte function). Indeed, those EBs
exhibiting extremely high NADH intensity (above the threshold
and thus diverted to the sorting port) generated significantly
fewer BA (8.3%, n 5 36 EBs) compared with the population in
the main port (25.9%, n 5 81 EBs; P 5 0.03; Fig. 1C).

Sorting EBs Based on NADH Fluorescence Intensity
Associated with Cell Viability
We have previously shown that fluorescence intensity of
NADH rises abruptly above physiologic levels following treatment with the apoptosis-inducing agent, STS, and this intensity
increase corresponds to cell death in EBs (25). Here, we sought
to use the NADH intensity parameters defined in that study
(25) to enrich for EBs with a high percentage of viable cells
and, therefore, a high percentage of cells capable of differentiating to functional mature cell types, including cardiomyocytes.

Sorting EBs Based on NADH Fluorescence Intensity as
a Predictor of the Potential to Generate
Cardiomyocytes
We have previously shown that EBs with high average
NADH intensity at early time points after EB formation are
more likely to give rise to beating cardiomyocytes at later time
points than EBs with low average NADH intensity (20). To
test whether NADH fluorescence intensity can serve as a predictive indicator of cardiac differentiation in EBs, we analyzed

Statistical Analysis
For comparison of the percentage of BA between sorted
and unsorted populations, Chi-squared analysis was used
(Prism 5.0, GraphPad Software). Data were obtained from at
least three sorting trials for each experimental design.
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Figure 2. Enrichment of untreated EBs more likely to give rise to cardiomyocytes based on intrinsic parameters. A: EBs were harvested
three days after EB formation, sorted based on physiological NADH fluorescence intensity levels and subsequently plated onto polystyrene dishes. Nine days after sorting (12 days post-EB formation), EBs were assessed for BA. B: Distribution of NADH fluorescence intensity
of EBs 3 days after formation. EBs with NADH intensity in the top 35th percentile of the distribution (gray area in histogram) were selected
for sorting. The arbitrary intensity values were normalized to the intensity threshold for each experiment. C: Percentage of EBs exhibiting
one or more BA nine days after EB sorting. The percentile ranges for multiple experiments were 16–41% (Main) and 33–60% (Sorting). D:
EBs were harvested three days after EB formation, sorted based on both physiological NADH fluorescence intensity levels and EB size,
then plated onto polystyrene dishes. Nine days after sorting (12 days post-EB formation), EBs were assessed for BA. E: Dot plot depicting
the distribution of EB size and NADH fluorescence intensity. Threshold values were set to detect EBs in the top 50% percentile for size (vertical arrow) and in the top 80% percentile for intensity of NADH (horizontal arrow) and to sort on EBs that met both of these criterion (gray
upper right quartile, corresponding to 40% of the total population). F: Percentage of EBs exhibiting BA nine days after EB sorting. The
percentile ranges for multiple experiments were 19–41% (Main) and 50–64% (Sorting). *P < 0.01. a.i.u 5 arbitrary intensity units.

and sorted EBs 3 days after formation based on endogenous
fluorescence intensity (Fig. 2A). The sorting gate was selected
such that EBs in the upper 35th percentile of intensity were
positively sorted (Fig. 2B). It is important to note that the
intensity distribution for untreated EBs, as used in this experiment, is much lower that the intensity distribution for EBs
treated with STS (Fig. 1B, Supporting Information Fig. S1).
Intensity data were normalized in each trial based on the set
threshold value for that trial. After sorting, enriched populations were placed in culture dishes and 9 days later were
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scored for BA (indicative of cardiomyocyte function). EBs
diverted to the sorting port (high physiological NADH intensity) were more likely to give rise to BA (50%, n 5 62 EBs)
than unselected EBs (low NADH intensity, main port, 27.6%,
n 5 105 EBs; P 5 0.0036; Fig. 2C). These data support our
previous work showing that EBs exhibiting higher endogenous fluorescence intensity at an early stage of differentiation
has a greater propensity to produce cardiomyocytes (20).
In an effort to improve the enrichment of EBs for those
that ultimately give rise to cardiomyocytes, additional
Sorting of Intact Microtissues Based on NADH
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intrinsic parameters to complement analysis of metabolic status (NADH intensity) were considered. In particular, EB size
is known to affect cardiomyocyte differentiation potential
(26,30–33). Therefore, we tested whether sorting based on
both EB size and NADH fluorescence intensity can improve
the selection of EBs with a higher propensity to produce cardiomyocytes (Fig. 2D). Toward this end, we simultaneously
sorted EBs with average NADH intensity in the top 75th percentile of intensity and >290 mm in diameter (top 50% percentile of size). The resultant sorted population accounted for
40% of the total EB population (Fig. 2E). EBs sorted in this
manner were more likely to develop BA (59.4%, n 5 96 EBs)
than those collected from the default port (27.5%, n 5 131
EBs; P < 0.0001; Fig. 2F). This represents a nearly 10%
increase in the degree of enrichment, here defined as the differential between EBs with BA in the sorting port and default
port, relative to the enrichment observed after sorting based
on NADH intensity only.

DISCUSSION
Here, we show the successful use of MPFC to enrich EBs
based on noninvasive indicators of stem cell potential, including
NADH intensity and EB size. EBs sorted in this manner can be
cultured long term without the unpredictable consequences of
exogenous labels, dyes, or probes. The resulting sorted cells have
many advantages for postevaluation or even clinical use because
of the maintenance of their natural state. In addition, sorting of
EBs can be accomplished based on subtle differences in endogenous characteristics not previously possible for large particles
(>50 mm). For example, EBs sorted with a size discrimination
of tens of microns show altered differentiation outcomes. This
outcome has been observed previously with discrimination of
hundreds of microns (26,34), but it is quite surprising that even
tens of microns can impact on differentiation potential. The
superior ability of the MPFC to detect weak intrinsic and
extrinsic signals coupled with the ability to sort on multiple
parameters marks a significant advance for the enhancedthroughput analysis and purification of large particles.
The multiphoton optics inherent to the MPFC design
enable detection of other types of endogenous characteristics
of cells at greater imaging depth than that afforded by single
photon optics. These characteristics may include detection of
intensity of other endogenously fluorescent molecules (e.g.,
FAD, tryptophan, elastin), fluorescence lifetime and spectral
analysis endogenous fluorophores, second harmonic signals
indicative of molecular asymmetry prevalent in fibrillar collagens and third harmonic generation indicative of an axial
phase shift prevalent at the interface between aqueous and
lipid organelles. Many of these endogenous characteristics
have been correlated with changes in stem cell health or differentiation state. For example, the redox ratio (NADH/FAD) of
mesenchymal stem cells undergoing adipogenic differentiation
was found to be significantly lower than that of stem cells
maintained in a multipotent state. Further, as cells acquired a
mature adipocyte phenotype, lipid droplets could be distinguished noninvasively using third harmonic generation
Cytometry Part A  85A: 353 358, 2014

(35,36). In similar studies, differentiating osteoblasts were
assessed for production of fibrillar collagens via second harmonic generation (37) and differentiating cardiomyocytes
were distinguished using second harmonic generation associated with sarcomeric myosin (38).
Stem cell aggregates such as EBs are not the only large particles that would benefit from the ability to sort based on subtle
changes of noninvasive markers of cell state. Pancreatic islets
are also challenging to analyze accurately in an automated manner and equally challenging to purify. Currently, aliquot of islet
suspensions are manually assessed for morphology (by eye) and
viability (by dye) as representative of the population prior to
clinical transplant. The suspension is discarded if the aliquot
does not pass quality guidelines (39). MPFC sorting based on
NADH and size or granularity would avert the inherent bias
associated with manual assessment as well as loss of sample
since all islets analyzed could be used if sorting is sterile while
the few high quality islets present in otherwise poor samples
could potentially be enriched and pooled. Similar challenges
exist for basic studies of engineered tissues and model organisms, including nematodes and zebrafish, where fluorescent
reporters are often used. Analyses of these small organisms
might benefit from a label-free approach and the ability to
probe the depth of the entire organism (40–42).
Development of the MPFC system and associated ability
to enrich populations based on noninvasive markers sets the
stage for future advances in large particle analysis and sorting.
In particular, lifetime and spectral analysis of fluorescence is
not yet possible with current MPFC used approaches in a flow
setting because of the time required for acquisition. Many
strategies are currently under development to increase acquisition rate including investigating line scanning approaches,
and faster scanning approaches such as resonant scanning.
These approaches should yield a similar imaging result and
significant signal to sort on, and have the advantage of greatly
increasing the flow and thus sorting rate.
New commercial flow cytometry instruments (e.g.,
Sony SH800 benchtop cell sorter) have recently incorporated
cheap, exchangeable microfluidic flow cells at the center of
the instrument, to improve accessibility and ease of use for
the operator (43). Such flow cells provide unique benefits
not available with more permanent (e.g., quartz) flow cells
found in conventional instruments, including an easily
exchangeable fluidic path to maintain sterility and avoid
cross contamination, daily alignment and quality control,
and more accessible troubleshooting measures during instrument failure. Our large particle sorting device possesses
many of these same qualities, with the added benefit of having a completely enclosed fluidic sample path, thus alleviating exposure to air or nonsterile surfaces. In this way, the
MPFC is ideally suited to transition to a clinical environment, with the potential to sort microtissues and use
selected populations for therapeutic applications.
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