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(A) Schematic representation of the nanoscale fluorescence-activated sorter (\FASS) and TIRF microscopy images showing synaptic vesicles labeled
with SV2 (red) and VAMP (green). A fluorescent event in the top (inlet) channel for a synaptic vesicle labeled with both SV2 and VAMP is detected at
both red and green avalanche photodiodes (APDs). The detection event triggers a voltage pulse (left side-channel), which causes electroosmotic flow
sorting of the detected vesicle to the collection channel (bottom right). ‘Before’ image demonstrates a low rate of co-localization of SV2 and VAMP
before sorting. ‘After’ image demonstrates co-localization (shown in yellow) after only those vesicles bound with both antibodies triggered a sorting
voltage pulse and were collected [9°°]. (B) On-column detection and collection of mitochondria. Mitochondria are detected individually by on-column
LIF. A section of a PCR plate is placed on a collection tray that allows positioning of the capillary inside PCR wells to collect mitochondria.
Mitochondrial particles observed in ~10 s time windows were collected in the same vial as they reached the end of the capillary. Reproduced with
permission from Ref. [25°]. (C) Signal processing to select mitochondrial events. (i) Mitochondrial events selected after application of median filter and
clipping of the lower signal. There are 360 mitochondrial events detected. The inset at the right is an expanded view of a crowded section of the
electropherograms showing the resolution between individual spikes. (ii) Signal during mobilization step of focused mitochondria and p/ marker
internal standards. Narrow spikes represent individual mitochondrial events; broad peaks represent p/ markers or fluorescent species from the carrier
ampholytes. The p/ markers are indicated with an asterisk (*).

Reproduced with permission from Ref. [10°°].

Given their wide-range of functionality and complex
organization, mitochondrial populations can be divided
into many subpopulations. Electrophoretic techniques
offer the advantage of separating organelles with high
resolution based on physical differences linked to com-
position and function. For example, Arriaga and co-
workers recently developed a capillary isoelectric focus-
ing (cIEF) technique [10°*], which separated mitochon-
dria labeled with 10-N-acridine orange (NAQO) by

isoelectric point. Isoelectric point is dependent on mem-
brane composition of lipids and proteins. In experiments
by Arriaga and co-workers, each cIEF run generated 400-
500 mitochondrial events with high resolving power
(Apl =0.01) (Figure 2c¢). In a different study by this
group, the CE-LIF setup was integrated with a microwell
plate for real-time quantitative polymerase chain reaction
(qRT-PCR) of mitochondrial DNA (mtDNA) [25°]
(Figure 2b). However, Arriaga and co-workers reported

www.sciencedirect.com

Current Opinion in Chemical Biology 2012, 16:391-399



396 Analytical techniques

that microwells contained a range of numbers of mito-
chondria (0-64) and that false positive results in empty
wells indicated contamination [25°].

The advantages of CE-LIF techniques are that they
provide high-resolution separation of a large and
unknown number of mitochondrial subpopulations based
on relevant characteristics such as membrane composition
and organelle size; offer high-sensitivity detection of
fluorescent labels; and are easily integrated with the
segregation of isolated organelles into microwell plates
for downstream analysis. The current shortcomings of
these CE-LIF techniques are that the separation criteria
rely on physical parameters that are not unique to a given
organelle size and membrane composition and do not
reveal which specific proteins or lipids comprise the
membrane and in what proportions. However, as down-
stream analyses are performed, a clearer correlation be-
tween these physical parameters and composition, and
ultimately organelle function, may develop.

We have demonstrated high-throughput CE-LIF analysis
of the contents of individual mitochondria in a micro-
fluidic device [30]. In this study, we employed a mem-
brane-permeable amine-reactive dye, Oregon Green
diacetate succinimidyl ester, to derivatize the amine
contents of the mitochondria before rapid laser photolysis
and CE-LIF separation and detection. Diffusional broad-
ening of the mitochondrial contents was countered by
rapid CE separation (a few milliseconds). The resulting
electropherograms indicated a multi-modal distribution
with three distinct subpopulations [30]. The advantage of
this approach is that the data are detailed, which allows
multiple components to be measured and correlated.

Droplets as a tool for high-throughput/high-
sensitivity analysis of organelle contents

The primary motivation for droplets in organellar
analysis is compartmentalization and confinement. A
droplet can contain lysis products during examination
of intraorganellar species; provide a reaction vessel for
assays (e.g. ELISA or PCR); act as storage containers; and
prevent cross-contamination before analysis [31,32].
Microfluidic devices are capable of rapidly generating
droplets [32], and provide a platform for the large number
of experiments that are required for measuring stochastic
variations in organelles and for collecting relevant stat-
istical data. The droplets can be made highly monodis-
perse (<1% wvariation in diameter [32]), and the
femtoliter to picoliter size range is appropriate for the
encapsulation of individual organelles (for example,
mitochondria have diameters ranging from 0.5 pm to
1.0 pwm, and the droplets can range from tens of pm to
a few pm in size).

Microfluidic devices excel at handling droplets [31,32]
and perform a variety of functions, which include

generating droplets with a single particle per droplet,
sorting (fluorescence-activated droplet sorting [24]),
merging, splitting, storage, and integrating with instru-
mentation (e.g. MS or CE) via merging droplets with
a continuous-flow aqueous phase or direct injection
[31-33].

Our group has developed many unique droplet-handling
strategies that can be used for subcellular analysis [31]
including in-flow droplet freezing, droplet size and con-
centration manipulation, and particle sizing in droplets.
The sizing of subcellular organelles in droplets is useful
for probing heterogeneity in organelle morphology and
the concentration of analytes [34]. We have also demon-
strated several organelle-handling strategies, including
single-cell nanosurgery (Figure 3a—d) [35] and droplet
encapsulation of individual mitochondria (Figure 3e-h)
[36]. While these handling techniques are not currently
high-throughput, they offer exquisite control and pre-
cision, and further automation and parallelization would
make them powerful tools for examining organelle
heterogeneity.

To illustrate the advantages of droplet microfluidics in
organelle analysis, consider the mitochondrial hetero-
plasmy problem, which is the coexistence of mutant
and wild-type mtDNA in an organism and the cause of
a number of intractable mitochondrial diseases.

Approximately 5-10 double stranded circular mtDNA
molecules are contained in each of several DNA-protein
complexes called nucleoids in the lumen of mitochon-
dria [25°,37]. The mtDNA codes for unique mitochon-
drial proteins essential to cellular respiration as well as
tRNAs and rRNAs necessary for its own transcription
[29]. The mtDNA is not protected by compartmenta-
lization and tight winding around histones, as is nuclear
DNA. Its close proximity to the apparatus for oxidative
phosphorylation (ATP generation) subjects mtDNA to
constant mutagenic eXposure to reactive oxygen species
[29]. Therefore, mutations in mtDNA are common. The
existence and severity of mitochondrial disease traits are
dependent on the ratio of mutant to wild-type mtDNA
in the cell (referred to as the degree of heteroplasmy)

[29].

Distribution of heteroplasmy at the subcellular level is
also relevant to questions of mtDNA inheritance [29].
Mitochondrial diseases are heritable but do not follow
the same pattern of inheritance, as does genomic DNA.
The mtDNA in offspring is solely maternal in origin.
However, the level of heteroplasmy in the mother often
does not match that of her offspring, leading researchers
to search for a bottleneck at which some mtDNA is lost
during embryogenesis. The location of this genetic
bottleneck is debated, and certain studies even suggest
that the loss process is selective, creating polarization of
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Figure 3
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(A) Schematic showing the conversion of a Gaussian beam (TEMO0O) into that of an optical vortex beam (Laguerre-Gaussian (LG) beam) by using a
computer generated hologram (CGH) and (B-D) a sequence of images showing the removal of a fluorescent lysosome (stained with Lysotracker Green
dye) from a B-lymphocyte. Scale bar = 10 um in panel B. Reproduced with permission from Ref. [35]. (E-H) Sequence of images showing the droplet
encapsulation of a single mitochondrion. We visualized under fluorescence and optically manipulated a single mitochondrion stained with Mitotracker
Green FM at the interface of the two fluids (E, F). Upon application of a pressure pulse to the microchannels (F, G), the mitochondrion was carried
away by the flow as the droplet was sheared off (H).

Reproduced with permission from Ref. [36].
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the offspring into high and low disease-load groups.
Figure 1b shows three proposed mechanisms causing
the bottleneck during the proliferation of primordial
germ cells (PGCs, the precursors to oocytes) in a devel-
oping embryo. All three mechanisms assume the basic
units of inheritance are either single mtDNA molecules
or homoplasmic nucleoids [29]. Recent studies suggest
that nucleoids are probably homoplasmic [25°38].
Importantly, knowing the level at which heteroplasmy
exists helps to narrow the possible mechanisms for
inheritance patterns.

Using the tools available for droplet microfluidics, we can
envision a process flow to address questions of hetero-
plasmy. An integrated microfluidic device could be used
to analyze a mitochondrial fraction as follows. First,
individual mitochondria are encapsulated in droplets
using on-demand droplet generation triggered by the
presence of each organelle. Second, the droplets are
merged with a stream of droplets containing reagents
for qRT-PCR to analyze the wild-type and mutant
mtDNA strands. Third, the pairs of droplets are fused
(either passively or by electrocoalescence). Fourth, laser
photolysis bursts open the mitochondria. Then, the dro-
plets are transported through heated and cooled regions of
the chip to facilitate several rounds of the PCR. Finally,
the droplets undergo LIF detection of the RT-PCR
products revealing the degree of heteroplasmy in each
organelle.

However, it is important to note that droplet microfluidics
has not yet gained widespread acceptance for character-
izing organelle heterogeneity because several advance-
ments are yet to be made. In particular, droplets are a
challenge for device integration to common instrumenta-
tion, such as MS, that are needed in downstream analysis
of droplet contents. Furthermore, such instrumentation is
often not sufficiently sensitive for measurements at the
single organellar level. Most significantly, the many dro-
plet-handling techniques that have emerged over the past
decade have yet to be integrated seamlessly with one
another [32], owing to cross-talk between modules and
increased complexity.

Future outlook and conclusions

The most pressing challenge in high-throughput analyses
of organelles is the need for strategies to segregate orga-
nelles into subpopulations based on information rich and
relevant characteristics and to achieve a level of discrimi-
nation that accurately represents the level of heterogen-
eity among organelles. Fluorescent labeling provides
high-specificity, but comparisons based on biological
activity (e.g. from enzymatic assays) may yield more
relevant information. Droplet microfluidics promises to
achieve these goals by providing reaction vessels for
probing organelle activity and intraorganellar contents.
However, integration of droplet microfluidic techniques

with one another and with external instrumentation has
yet to be fully realized.
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