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Abstract
Heterogeneity in the content and function of subcellular organelles on the intercellular and
intracellular level plays an important role in determining cell fate. These variations extend to
normal- and disease-state cellular functions and responses to environmental stimuli, such as
oxidative stress and therapeutic drugs. Analytical tools to characterize variation in all types of
organelles are essential to provide insights that can lead to advances in medicine, such as therapies
targeted to specific subcellular regions. In this review, we discuss analytical techniques for
interrogating individual intact organelles (e.g. mitochondria and synaptic vesicles) and lysates in a
high-throughput manner, including a recently developed nanoscale fluorescence-activated
subcellular sorter and techniques based on capillary electrophoresis with laser-induced
fluorescence detection. We then highlight the advantages that droplet microfluidics offers for
probing subcellular heterogeneity.

Introduction
The existence of heterogeneity among individual cells of a given tissue type or even within a
clonal cell line is well established; such variations are thought to be biologically meaningful,
affecting outcomes at the organism level [1–5]. Similarly, because intercellular and
intracellular variation exists in the composition and function of each type of organelle,
ensemble analytical techniques do not adequately capture the details. Organelles, like the
cells in which they reside, are versatile in function, adaptive to internal and external
stressors, and subject to dysfunction. Within organelle populations, therefore, considerable
heterogeneity exists as a result of factors such as tissue type, pathology, and location within
the cell. Superimposed on these patterns are time-dependent changes related to aging (e.g.
formation of giant mitochondria [6]) as well as stochastic variation in all cellular processes
over time [1,2,7]. Figure 1 highlights heterogeneity in mitochondria and synaptic vesicles,
two of the organelles examined by techniques reviewed here.

Techniques capable of high-throughput, high-sensitivity analysis of organelles are essential
for gaining a deeper understanding of cellular function and can lead to advancements in
medicine. For example, the elucidation of the normal- and disease-state function of
organelles may aid in development of targeted therapies. There is a broad range of analytical
targets in subcellular particles. All organelles contain proteins; most contain or generate
small molecules; and some, like mitochondria, carry their own genetic material.
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In this brief review, we will focus on a few examples of analyses of organelle heterogeneity
and use these examples to address current issues in the field. We will not cover single-cell
analytical tools in great detail although many are capable of determining some aspects of
intracellular variation in organelles and are necessary to examine organelle function in its
native environment. For example, Zhang et. al developed an array of carbon microfiber
electrodes for monitoring exocytosis from multiple sites on a single cell simultaneously [8].
We acknowledge the relevant and meritorious work of many researchers that is not
described here. The examples covered in the current review include separation of
subpopulations of synaptic vesicles by fluorescence-activated sorting (P Schiro et al.,
unpublished) and separation of mitochondria by capillary electrophoresis (CE) [••9]. We
will then briefly describe current challenges in subcellular analysis and the potential of
droplet microfluidics to address some of these challenges.

Single-cell analysis: the same toolbox, a different level of challenge
High-throughput analyses of individual organelles would be premature without first dealing
with single-cell heterogeneity. There is now an abundance of single-cell analytical
techniques that probe living cells and cell lysates, some with a relatively high throughput
[3]. These techniques have been extensively reviewed elsewhere [1–5]. For example, recent
advances have enabled sampling of selected cells for single-cell CE [10], mass spectrometry
imaging (MSI) with submicron resolution [••11], multi-component and long-term studies
[3,5], cytotoxicity screening [12], and gene expression analysis [13,14] as well as
bioinformatics approaches to handling the large amount of data generated in these studies
[1]. Many of these single-cell techniques rely on microfluidic platforms [3,15].

The toolbox available for single-cell sampling, sorting, manipulation and interrogation can
be adapted for characterization of individual organelles; but the challenges in certain
aspects, such as sampling, throughput, sensitivity, and possible contamination, are
amplified. For example, mass spectrometry (MS) is sufficiently sensitive to probe the
metabolome of a single cell (low femtomoles of metabolites per few pLs of cell volume) and
many protein targets; but MS cannot be used for direct detection of some low-abundance
proteins, which are present at <1000 copies per cell [3,5]. In contrast to cells, individual
organelle volumes are atto- to femto- liters, and contain attomolar or fewer quantities of
metabolites and proteins, even as low as single copy numbers. However, advancements in
MS sampling and amplification schemes have enabled more in-depth profiling of single
cells and organelles. For example, a strategy for quantifying low-copy-number proteins is
mass cytometry (CYTOF), which is a recently developed single-cell analysis technique
[••16]. In CYTOF, single cells are stained with tens of antibodies conjugated to distinct
metal isotope-containing polymers prior to time-of-flight MS detection. Using this signal
amplification technique, proteins from single cells were detected with sensitivity
approaching that of fluorescence techniques [••16]. In a separate experiment, Sweedler and
coworkers reported matrix-assisted laser desorption/ionization (MALDI) MS detection of
peptides from single secretory vesicles sampled from Aplysia californica [17].

Several effective strategies exist to probe low abundance targets, including amplification
schemes and detection methods with single-molecule sensitivity such as certain fluorescence
and electrochemistry techniques. For example, our group developed a total-internal-
reflectance-fluorescence (TIRF) microscopy technique to count low-copy-number
membrane proteins in synaptic vesicles [•18,19], which release neurotransmitters to
propagate signals between neurons. We employed single-molecule intensity distributions
and statistical analysis methods to account for fluorescence variability and to accurately
describe population distributions [•18,19]. We found some vesicle proteins to be highly
monodisperse in copy number (e.g. SV2) and exhibit little variation between vesicles; in
contrast, other vesicle proteins are highly polydisperse in copy number (e.g. synaptophysin).
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This polydispersity may represent variability between classes of synaptic vesicles,
influencing the probability that neurotransmitters will be released from these vesicles into
the synaptic cleft [•18]. Figures 1c and 1d show examples of each a monodispersed and
polydispersed protein, respectively.

Sample preparation by fractionation of subcellular organelles
The current approach in proteomics is to examine organelle fractions (rather than cell
homogenates) by MS, thereby breaking the complex human proteome into simpler
components and providing information about protein subcellular localization, which is key
to understanding functionality [20,21]. From these studies, we now know that some proteins,
for instance, are located in multiple types of organelles and are transported between different
areas of the cell [20,21].

The quality of the data depends mainly on the purity of the organelle fraction. Classical
methods of fractionation include, most prominently, differential centrifugation and density
gradient centrifugation [20,21]. A number of more recently developed methods generate
fractions of greater purity, especially for organelles that normally sediment at the same rate
as other organelles or contaminants and are therefore harder to purify [20,21]. These
methods are listed in Table 1 along with a short description of each. These fractionation
strategies can be used to purify and enrich a single type of organelle before interrogating
them individually.

Separating subpopulations based on fluorescence-activated sorting: Nanoscale
fluorescence-activated subcellular sorter (nFASS)

Of the fractionation strategies listed in Table 1, several can be adapted to probe organelle
heterogeneity. For example, fluorescence-activated organelle sorting (FAOS), much like its
better-known cell-sorting counterpart (FACS), is a flow sorter triggered by fluorescent
events. Organelles are labeled with fluorescently tagged antibodies that interact with a
highly expressed surface protein specific to the organelle of interest. Because of this label-
based sorting, FAOS can generate highly pure fractions, especially at slower sorting rates.
FAOS has been adapted for protein [20] as well as mtDNA [22] quantification. However,
current FAOS sorting rates are too low for conveniently processing the large number of
organelles required for population statistics, and the sensitivity of current FAOS systems is
too low for detection of a single dye molecule.

Our group recently developed nFASS, which is capable of sorting subcellular organelles at
rates of ~10–20 kHz (91% recovery, 99.7% purity) and with single molecule sensitivity
(Figure 2a; P Schiro et al., unpublished). nFASS uses nanoscale channel dimensions and
electroosmotic-flow switching to dramatically increase sorting speed. Laser-induced
fluorescence (LIF) with beam shaping decreases probe volume to improve sensitivity by
decreasing background fluorescence. The advantages of the technique were demonstrated by
sorting SV2- and VAMP-labeled synaptic vesicles. Multi-color sorting enables selection or
rejection based on multiple protein targets. This technique is a powerful tool for enriching
organelle subpopulations and can be adapted for many types of organelles. Most
importantly, its rapidity allows collection of sufficient data for statistical description of
population variance (P Schiro et al., unpublished). However, in its current design, nFASS
can sort organelles into only two subpopulations at a time. This limitation may be overcome
by simply running sequential experiments or nFASS devices in series. Furthermore, with its
continuous-flow design, certain organelle analyses that involve reactions that generate freely
diffusing fluorescent species (e.g. enzyme activity assays or RT-PCR) cannot be
accomplished. This latter problem may be addressed by droplet encapsulation [23].

Anand and Chiu Page 3

Curr Opin Chem Biol. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Capillary electrophoresis with laser-induced fluorescence as a tool for segregating and
analyzing unknown subpopulations

Arriaga and coworkers have developed techniques based on capillary electrophoresis with
laser-induced fluorescence (CE-LIF) that enrich subpopulations of mitochondria
[••9,•24,25]. Heterogeneity of mitochondria is the focus of many research areas related to
disease and aging [26–28]. Figure 1a shows several causes and the many resulting
manifestations of mitochondrial heterogeneity [27]. Besides supplying energy to the cell via
oxidative phosphorylation, mitochondria are involved in cell-signaling pathways. There can
be thousands of mitochondria in a eukaryotic cell and the number is roughly proportional to
the cell’s energy demands [26,27]. Mitochondria are organized in networks within the cell.
There is evidence that mitochondria communicate within these networks and are organized
into clusters with specialized functionality depending on their location within the cell with
respect to other organelles, such as the nucleus [27].

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 composition and function. For example, Arriaga and coworkers recently developed a
capillary isoelectric focusing (cIEF) technique [••9], which separated mitochondria labeled
with 10-N-acridine orange (NAO) by isoelectric point. Isoelectric point is dependent on
membrane composition of lipids and proteins. In experiments by Arriaga and coworkers,
each cIEF run generated 400–500 mitochondrial events with high resolving power (ΔpI =
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) [•24] (Figure 2b). However, Arriaga and coworkers reported
that microwells contained a range of numbers of mitochondria (0–64) and that false positive
results in empty wells indicated contamination [•24].

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
downstream analyses are performed, a clearer correlation between 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 microfluidic device [29]. In this study, we employed a membrane-
permeable amine-reactive dye, Oregon Green diacetate succinimidyl ester, to derivatize the
amine contents of the mitochondria prior to rapid laser photolysis and CE-LIF separation
and detection. Diffusional broadening 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 [29]. 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;
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and prevent cross-contamination prior to analysis [30,31]. Microfluidic devices are capable
of rapidly generating droplets [31], and provide a platform for the large number of
experiments that are required for measuring stochastic variations in organelles and for
collecting relevant statistical data. The droplets can be made highly monodisperse (<1%
variation in diameter [31]), and the femtoliter to picoliter size range is appropriate for the
encapsulation of individual organelles (for example, mitochondria have diameters ranging
from 0.5 μm to 1.0 μm, and the droplets can range from tens of μm to a few μm in size).

Microfluidic devices excel at handling droplets [30,31] and perform a variety of functions,
which include generating droplets with a single particle per droplet, sorting (fluorescence-
activated droplet sorting [23]), merging, splitting, storage, and integrating with
instrumentation (e.g. MS or CE) via merging droplets with a continuous-flow aqueous phase
or direct injection [30,31,32].

Our group has developed many unique droplet-handling strategies that can be used for
subcellular analysis [30] including in-flow droplet freezing, droplet size and concentration
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 [33]. We have also demonstrated several organelle-handling strategies, including
single-cell nanosurgery (Figure 3a–d) [34] and droplet encapsulation of individual
mitochondria (Figure 3e–3h) [35]. While these handling techniques are not currently high-
throughput, they offer exquisite control and precision, 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 heteroplasmy 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 mitochondria [•24,36]. The
mtDNA codes for unique mitochondrial proteins essential to cellular respiration as well as
tRNAs and rRNAs necessary for its own transcription [28]. The mtDNA is not protected by
compartmentalization 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 [28]. 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) [28].

Distribution of heteroplasmy at the subcellular level is also relevant to questions of mtDNA
inheritance [28]. 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 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 developing embryo. All three mechanisms assume the basic units of
inheritance are either single mtDNA molecules or homoplasmic nucleoids [28]. Recent
studies suggest that nucleoids are probably homoplasmic [•24,37]. Importantly, knowing the
level at which heteroplasmy exists helps to narrow the possible mechanisms for inheritance
patterns.

Anand and Chiu Page 5

Curr Opin Chem Biol. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Using the tools available for droplet microfluidics, we can envision a process flow to
address questions of heteroplasmy. 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 droplets 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 characterizing organelle heterogeneity because several advancements are yet
to be made. In particular, droplets are a challenge for device integration to common
instrumentation, 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 droplet-handling techniques that have
emerged over the last decade have yet to be integrated seamlessly with one another [31],
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 organelles into subpopulations based on information rich and relevant
characteristics and to achieve a level of discrimination that accurately represents the level of
heterogeneity 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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Highlights

• Characterization of heterogeneity and variation in subcellular organelles is key
to understanding their normal-and disease-state functions and responses to
external stimuli (e.g. oxidative stress or therapeutic agents).

• New analytical tools are required to segregate organelles into subpopulations
and to perform high-throughput, high-sensitivity, and information-dense
measurements of their contents and processes.

• Nanoscale fluorescence-activated subcellular sorting (nFASS) and capillary
electrophoresis with laser-induced fluorescence (CE-LIF) separation and
detection of organelles are two recently developed and promising techniques for
characterizing organelle heterogeneity.

• Droplet microfluidics has the ability to overcome many of the challenges in
subcellular analysis but requires advancements in downstream analytical
techniques to make full use of its strengths.
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Figure 1.
A–D) Schemes and plots relating some of the current research interests in organelle
heterogeneity. A) Scheme summarizing the specific questions and hypotheses regarding
origin and possible mechanisms contributing to the heterogeneity of mitochondria and
mitochondrial function. Reproduced with permission from Ref. [27]. B) Proposed
mechanisms for the mtDNA genetic bottleneck. i. Variation in heteroplasmy levels are
generated through the unequal partitioning (segregation) of mutant and wild-type genotypes
during cell division. This leads to accelerated drift in heteroplasmy levels which occurs
principally as a consequence of the dramatic reduction in mtDNA copy number immediately
prior to primordial germ cell (PGC) population expansion. ii. Variation in heteroplasmy
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generated through the unequal segregation of homoplasmic mucleoids in PGCs. Each
nucleoid contains multiple copies of mtDNA which are identical. iii. Variation in
heteroplasmy generated through the replication of a subpopulation of mitochondrial
genomes during oocyte maturation in post-natal life. Increasing severity refers to the clinical
consequences of a higher percentage level of mutant mtDNA. Reproduced with permission
from Ref. [28]. Quantification of C) monodispersed and D) polydispersed synaptic vesicle
proteins. Plots of representative fits for each protein is shown on the left, and histograms
showing the percentage of vesicles containing n number of the indicated vesicle protein
averaged across ~10,000–20,000 vesicles is shown on the right. Error bars, SE between
different datasets. Reproduced with permission from Ref. [18].
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Figure 2.
A) Schematic representation of the nanoscale fluorescence-activated sorter (nFASS) 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 (P. Schiro et al.,
unpublished). 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. [24]. 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 pI marker internal standards. Narrow spikes
represent individual mitochondrial events; broad peaks represent pI markers or fluorescent
species from the carrier ampholytes. The pI markers are indicated with an asterisk (*).
Reproduced with permission from Ref. [9].
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Figure 3.
A) Schematic showing the conversion of a Gaussian beam (TEM00) 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 μm in panel B.
Reproduced with permission from Ref. [34]. 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. [35].
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Table 1

Method Description Strengths and weaknesses

Free-flow electrophoresis Subcellular components (often pre-fractionated by
centrifugation) are flowed through a perpendicular electric
field, which separates components into different flow
laminae based on their individual electrophoretic mobilities.

High selectivity for many organelle types
Appropriate for preparative scale separation
Viability of organelles maintained

Alteration in buoyant density Plasma membranes are treated with dilute detergent (lysis
detergent such as Digitonin), thus decreasing their density,
prior to density gradient centrifugation.
Phagocytosis (ingestion and encapsulation into membrane-
bound structures called phagosomes) of latex beads causes
phagosomes to float in a sucrose gradient.

Simple and selective yet limited to a few
specific organelles

Fluorescence-activated
organelle sorting (FAOS)

Derived from fluorescence-activated cell sorting (FACS),
subcellular components are labeled with organelle-specific
fluorescent antibodies and flowed passed a detector.
Fluorescent events trigger sorting of labeled organelles into a
collection stream. The collection stream may be integrated to
instrumentation or a microwell plate for downstream
analysis.

Highly selective and rapid (kHz)
Provides the means to measure several
characteristics of each subcellular particle
Maintains viability although some
organelles may be damaged by shear stress
Requires special instrumentation

Immunoaffinity purification A solid support or beads* are modified with an antibody
specific to an antigen at the surface of the organelle of
interest allowing its extraction from cell homogenate or pre-
fractionated organelles. The captured organelle fraction is
washed to remove non-specifically adsorbed components,
and then the antibody-antigen interaction is interrupted to
recover the purified fraction.
*In the case of magnetic beads, the beads are exposed to cell
homogenate and then extracted magnetically onto a solid
support.

Highly selective
Gentle, maintaining viability
Low capacity for retained material
Relatively expensive due to reagent costs
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