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ABSTRACT

Modern flow cytometric cell sorters are all capable of so-called “high-speed sorting.” However,
there is confusion about exactly how fast a “high-speed” cell sorter can sort cells. There are
many considerations in achieving the fastest sorting speed, as well as the highest quality sort
results—cell recovery, purity, and functionality. This requires the same considerations required
for “slow-speed sorting”; however, a more precise implementation is required for high-speed
sorting. The modern cell sorters enable high-speed sorting because of advances in high-speed
electronics and data processing. We discuss the practical considerations of high-speed sorting in
terms of the theory and practical aspects of the mechanical and software components of sorting,
statistics of sorting, cell preparation and viability, instrument setup, sort strategies, and biosafety.
Curr. Protoc. Cytom. 51:1.24.1-1.24.30. C© 2010 by John Wiley & Sons, Inc.
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INTRODUCTION
Flow cytometry analysis and sorting have

transformed biomedical research since their
introduction in the late 1970s. Initially, nearly
all flow cytometers were sorters but that has
changed where “analytical” instruments, not
capable of cell separation, now predominate.
Nevertheless, sorting is a major application
of flow cytometry and no other cell separa-
tion and purification strategy can combine the
speed, purity, recovery and, particularly, the
multi-parametric capacity that this technology
offers. In the early days of sorting, it was rare
to be able to purify sufficient cells for many
types of subsequent analyses, e.g., mRNA pu-
rification, cell culture, and cell transfer, unless
the starting sample had a large frequency of the
desired cell population. Either approaches had
to be developed that could get by with small
numbers of cells or large amounts of time were
required. The latter, however, often sacrificed
cell viability and health. Early sorters were
slow and frequently cantankerous and needed
highly skilled and dedicated operators. While
a skilled operator is still a requirement, current
instruments are in general much easier to op-
erate and are more dependable. Advances in
electronics coupled with advances in partner
biomedical technologies have transformed the
once slow sorter into an instrument that is now
much more practical for obtaining sufficient
number of sorted cells, especially those of rare

frequency. Many of these advances have also
contributed to instruments becoming more re-
liable and easier to operate. High-speed sorting
was born with the development of instruments
capable of sorting metaphase chromosomes
as the starting point for the human genome
project (Peters et al., 1985). The instrumenta-
tion matured with subsequent developments in
mechanics and electronics (van den Engh and
Stokdijk, 1989; Van Dilla et al., 1990). The
transition to commercial high-speed sorters
occurred with the introduction of the MoFlo by
Cytomation, Inc. in 1996. Now all sorters com-
mercially available are capable of sorting in
ranges generally considered to be high speed.
However, while the instruments may process
cells at high speeds, the resultant sorted cells—
both in terms of quality, viability, purity, and
quantity—depend on an understanding of core
flow cytometry sorting principles and statis-
tics. In this unit, we will try to demystify high-
speed sorting and provide some solid general
principles and practical suggestions for suc-
cessful high-speed sorting.

WHAT IS HIGH-SPEED SORTING?
In this unit, we are limiting our discussion

to the so-called electrostatic droplet sorters.
Other sorters that use mechanical separation
and laser ablation will not be discussed as these
represent a very small subset of the sorters in
use and the former have limited application
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due to their slow speed. In the simplest sense,
high-speed sorting means putting cells past the
laser interrogation point at “high speeds,” i.e.,
many cells per unit time. However, this def-
inition can mean different things to different
investigators and can often lead to unrealistic
expectations from the instrument. High-speed
sorting, of course, is meaningful only in the
context of what “slow speed” sorting was.
Thus, high-speed sorting means going faster
than we could go before but does not neces-
sarily mean a certain speed in an abstract sense.
As we will see, how fast one can go with “high-
speed” sorting is dependent on many factors
and the resultant speed may seem “slow” to
some but is always faster than could be done
with the older “slow-speed” generation of
instruments.

While most would expect that high-speed
sorting means putting a high number of cells
per second past the detector array, it also means
how quickly the investigator can receive the
sorted cells. While dependent on the cells per
second consideration, this is also dependent
on being able to set up the instrument quickly,
have the instrument operate easily and reliably,
and provide accurate readout of the instrument
setup and sort progression. These are require-
ments because high-speed sorting necessitates
that the instrument operate at a very high ef-
ficiency in all aspects to obtain the highest
throughput.

High-speed sorters are also required to gen-
erate a high frequency of droplets into which
the higher frequency of cells presented to the
sorting system may be partitioned for sort-
ing. The frequency of droplet generation is a
function of the nozzle tip diameter, the sheath
pressure, and the fluidic viscosity. Commercial
high-speed sorters are expected to be able to
generate up to 100,000 drops per sec (70-μm
orifice), which enables cell input rates up to
∼70,000/sec. However, as will be discussed,
the sheath pressure, nozzle size, and input rate
may vary substantially depending on the char-
acteristics of the cells to be sorted and the
desired result.

Regardless of the definition of “high-
speed” sorting, physical characteristics of the
mechanical and electronic components of the
instrument and the nature of the particles/cells
to be sorted sets an upper limit on the num-
ber of particles/cells that can be processed per
second. To go faster requires additional ap-
proaches. One is some type of preprocessing
of the cells to increase the frequency of the de-
sired subset and decrease the total number of
cells to process. Another is to use parallel pro-

cessing, i.e., to split the sample between one
or more identical sorting units that simultane-
ously process separate aliquots of the sample.

UNDERSTANDING HIGH-SPEED
SORTING

Effects of Data Acquisition and
Analysis on High-Speed Sorting

The successful use of modern sorters de-
pends on understanding basic and advanced
sorting principles. Especially dependent on
this understanding is the ability to properly
select the correct instrument components to
match the type of cells being sorted, e.g., noz-
zle size and sheath pressure, and to match
the instrument operation to the investigator’s
expectations of the sort result (if not unrea-
sonable). The proper use of the instrument is
paramount to obtaining high-quality results.
Not doing so may adversely affect the purity
and viability of the sorted cells.

Often overlooked is that the first step in
sorting is effective cell analysis. It is as impor-
tant for this front-end component of sorting
as it is for cell analysis without sorting. The
analytical part of the experiment should be op-
timized to obtain the best sorting result. In fact,
it is best to optimize the analysis component
on the instrument that will do the sort. While
preliminary workup of a cell preparation and
labeling can be performed on analytical in-
struments, it is advisable to verify that this
procedure performs well on the sorter, espe-
cially sorters where the laser interacts with the
cells in a fluid jet. One must verify that the
cells of interest can be identified and resolved
from other cell populations sufficiently to pu-
rify the population of interest without losing
cells.

To sort fast, a sorter must be able to acquire
data and process it very quickly. A sorter can-
not sort faster than it can analyze and it cannot
resolve cells into droplets and sort them if it
cannot resolve cells during the analysis phase.
If the instrument takes too long to process
events, not all events will be processed and
sort yield and, likely, purity will suffer. High-
quality sorting can only be performed with
high-quality data. The challenges for sorter
electronics designers are demanding. Flow cy-
tometer acquisition electronics must deal with
noise that can be considerable and data that
can have a large dynamic range. For high-
speed sorting, data pulses can be very nar-
row (a few hundred nanoseconds) and data
rates can be very high (tens of thousands per
sec). In addition, analysis components such as
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compensation place additional demands on the
electronics.

The analysis yields of the acquisition soft-
ware must match or exceed the ability of the
sorter to isolate a high frequency of cells into
sorted droplets (i.e., the sorting yield). If the
acquisition system is not able to “see” a cell, it
will not be possible to sort it. If the acquisition
system cannot resolve cells adequately but can
be informed that they are there (e.g., by dou-
blet discrimination), large number of cells will
be lost as these can not be sorted reliably. If the
acquisition system cannot resolve populations
adequately, the sort purity will also be sac-
rificed. Various electronics architectures have
been developed for sorters but a detailed dis-
cussion of these is beyond the scope of this
unit. Most of the commercial sorters currently
being produced use “digital” electronics plat-
forms. A fully digital flow cytometer does not
exist. All cytometers, including sorters, are hy-
brid analog–digital systems. The signals pro-
duced by the PMTs/diodes are analog infor-
mation, which is subsequently converted to
digital data. In these “digital” strategies there
are no logarithmic amplifiers, but rather the
analog electrical data (current/amps) gener-
ated by the instrument photomultiplier tubes
(PMTs) is converted to a voltage by the lin-
ear pre-amplifier. This analog voltage data is
converted to digital information by high res-
olution ADCs. The ADCs are high speed—
generally in the range of 10 to 100 MHz (10 to
100 million samplings per sec). The speed of
the ADCs allows them to continuously sam-
ple the data (voltage) stream and permits es-
sentially zero dead time acquisition. The high
resolution of the ADCs produces data with a
bit resolution (e.g., 16 bit ADCs convert volt-
ages to digital values from 1 to 65,536) suf-
ficient to produce logarithmic conversion. All
sorters currently produced use at least 14-bit
ADCs. Some instruments use a single ADC
per channel, while others use two 16-bit ADCs
per channel to effectively produce 23-bit data
after combining the data from the two ADCs.

The ability of the acquisition system to re-
solve particles that are spatially close together,
as is expected to occur frequently during high-
speed sorting, where there is a high cell fre-
quency, is critical for high analysis yield. This
resolution ability is dependent on the pulse
width, which varies with velocity of the cell
past the laser beam, the size of the cells, and
the height (dimension in the direction of the
cell flow) of the laser beam. The electronics ar-
chitecture (processing speed, baseline restora-
tion, etc.) also affects the data resolution abil-

ity of the instrument. Older slow sorters used
fixed-window pulse analysis, which had a con-
siderable “dead time” that resulted in cells be-
ing missed if they arrived during a previous
cell’s window. The use of high-speed ADCs
has eliminated this limitation. However, the
gain may not be as much as many think. Many
of the cells that were in the same analysis win-
dow in the older style of electronics still are
too close to be resolved at the sorting stage
of processing. Nevertheless, the development
of electronics that permit the high resolution
of cells is a major contributor to our ability
to sort faster. Of course, proper operation of
the sorter also affects the instruments ability
to resolve cells. We will discuss this below as
a discussion of core stream diameter.

Effects of Cell Concentration and
Sample Core Stream Diameter

It should be obvious that to sort very fast
we must be able to present cells to the system
at a high rate. To do so requires that the cells be
at a sufficient concentration to provide a high
flow rate but at a sample volume injection rate
that permits the maintenance of a small, rela-
tive to cell size, core stream diameter. The flu-
idic stream in any flow cytometer consists of a
central stream containing the cells (called the
core stream or sample stream) and a surround-
ing stream of sheath fluid. Single-cell reso-
lution and measurement (the principle power
of flow cytometry) will occur best when cells
are in a single file relative to the laser beam
and restricted to a reproducible path through
the energy profile of the laser beam. The di-
ameter of the core stream is dependent on the
differential pressure between the sample and
the sheath fluids. As the sample pressure is
increased to raise the cell analysis rate, the
ability to resolve single cells will decrease and
electronic yield will also decrease reducing, of
course, the effective sort collection rate. For
best sorting, doublet discrimination strategies
should always be employed to reduce the fre-
quency of (it can never completely eliminate)
doublets, which might be sorted under certain
circumstances.

Factors Affecting Fluorescence
Sensitivity and Population Resolution

The ability to resolve populations of cells
with different levels of fluorescence is critical
to the ability to sort these populations from
each other. Populations whose fluorescence
differs by large amounts are easy to resolve,
but when the differences are small, it is more
difficult. The ability to resolve real differences
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in fluorescence is dependent on several fac-
tors. The ability to maximally excite the flu-
orochromes is dependent on the number of
photons available to the cell from the excita-
tion source—typically a laser beam—and this
is dependent on the laser beam intensity and
the dwell time of the cell in the laser beam
(as well, of course, as proper alignment of the
optical system). In all flow cytometers the cell
is moving through the stationary laser beam
and so the excitation source must have a very
high light flux—i.e., provide many photons per
unit time. Laser beams are best at providing the
light flux needed, as the beam is small and co-
herent. In all sorters, the cell is moving much
faster than in a typical analyzer. Thus, higher
laser powers are generally required to illumi-
nate the cell with the same number of photons.
For example, in a typical jet-in-air sorter with
a sheath pressure at 60 psi, the cell velocity is
∼28 m/sec. For a lymphocyte, the cell is in the
laser beam for ∼900 nsec. In cuvette sorters,
cells typically travel slower while in the cu-
vette (about 6 m/sec at 60 psi with a 70-μm
sort orifice), and so the cell dwells longer in
the laser beam and interacts with more pho-
tons and produces greater fluorescence. The
use of higher numerical aperture lenses (typ-
ically NA 1.2) for fluorescence collection in
cuvette-based sorters provides an additional
increase in signal.

The ability to collect the photons emitted
from the fluorochromes also affects the sen-
sitivity and resolving power of the cytome-
ter. A well-designed optical system with opti-
mized light collection optics, sensitive PMTs,
and efficient optical filtration are required for
maximum light collection. Sorters in which the
laser intersects with the cells in the fluid stream
have an additional issue. The fluid stream acts
as a lens causing the laser light to be spread
into a narrow disk of light. This high inten-
sity light must be excluded from the light
collection path or it would obscure the fluo-
rescence collection in paths at/near the same
wavelengths (like trying to see the stars dur-
ing the daytime). This is typically done with
an obscuration bar to physically block most
of the light. The obscuration bar, however,
does not block all the laser light and does
block some of the fluorescence light that we
would prefer to collect. In cuvette sorter sys-
tems, and in all analytical flow cytometers,
this issue does not arise as the laser interaction
with the cells in the cuvette does not lead to
the laser light disk and, thus, an obscuration
bar is not necessary. Thus, cuvette sorters can
be more sensitive than jet-in-air sorters (par-

ticularly notable at certain wavelengths, e.g.,
long red).

The purity of the sorted cells is affected in
the analysis phase by the ability to resolve the
populations and to properly position regions
on which sorting is to be based (see UNIT 1.8 for
a general discussion of gating and UNITS 1.20 &

1.21 for information on fluorescence sensitiv-
ity and resolution of dimly fluorescent popu-
lations). Sorting of populations with small flu-
orescence differences can present challenges.
When the two populations, which are close
together, are both brightly staining the pop-
ulations, they are more easily resolved and
sorted. However, if the two populations are
very dim (e.g., very dim and negative), it is
very difficult to resolve these cleanly over the
course of the sort. It must be recognized that
the measurement of the fluorescence from a
single cell can have a very large variance.
This variance accounts for a larger propor-
tion of the signal from dim particles than from
very bright particles—negative cells propor-
tionately have the largest variance. As a result,
population distributions of cells with low or
no fluorescence have wider distributions, i.e.,
larger standard deviations. In addition, since
we frequently visualize this on a logarithmic
plot, the distances between dim populations
can appear the same as between populations
that are at much higher fluorescence intensi-
ties. For example, in the first decade of a log
display, the values are very small and relatively
large graphical distances represent very small
actual differences with large errors. It must
also be recognized that fluorescence measure-
ments are not absolute measurements. If we
assume that we make multiple measurements
of a single cell (or single measurements of
many theoretically identical fluorescent parti-
cles/cells), we would find that the measure-
ments distribute around a mean/median. This
is due to the fact that the fluorescence measure-
ment process consists of a set of probabilities
at several points. Each time an identical cell is
analyzed we will find that there is a probability
of how many of the fluorochromes are excited
(or how many times), how many of the photons
emitted from the fluorochrome are collected,
and how many photoelectrons are produced as
the photon shower interacts with the photo-
cathode of the PMT. In addition, voltages can
be generated by nonfluorescent events, often
referred to as “noise or background” resulting
from the instrument electronics or extraneous
sources of light. These signals generally are
of low intensity and would distribute within
the first two decades and contribute to the
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broadness of the negative population, making
the resolution of dimly fluorescent cells from
negative cells more difficult as they may over-
lap. It is important that an operator evaluate a
sorter’s performance in resolving dim/negative
populations regularly and frequently.

A convenient sample to use for testing res-
olution at various fluorescence levels is a mix-
ture of beads of various staining levels. It is
even more convenient when the beads in the
mixture are stained with multiple fluorophores
so the beads can be excited and emit fluores-
cence over a wide range of wavelengths. Mix-
tures of such beads are commercially avail-
able from several sources and can be calibrated
to relevant intensity standards or stained cells
(see UNIT 1.3 for procedures to cross calibrate
particle standards). It is important to note that
the beads will almost certainly not have the
fluorescence characteristics of the cells stained
with particular fluorochromes. The relative flu-
orescence intensity of the beads compared to
stained cells will vary from one instrument to
another depending on the excitation intensity
and wavelength and the filters used for detec-
tion. Therefore, comparison of the beads to
relevant cell samples or fluorochrome-specific
bead standards is essential for useful monitor-
ing of performance.

Dimly fluorescent cells will have large mea-
surement variance and intensely fluorescent
cells will have smaller measurement variance
as a function of the real intensity. The sepa-
ration index (UNIT 1.21) is a quantitative mea-
sure of how well separated the positive pop-
ulation is from a negative population. When
large numbers of negatives and small numbers
of dim positives are to be sorted, the negatives
with high variance can be in the sort region
and will be sorted. When the sorted cells are
reanalyzed, the high standard deviation nega-
tives will redistribute into the same distribu-
tion the negatives had prior to sorting and the
sort will appear to have been ineffective with
a low purity. Thus, for separation of dim pop-
ulations, it may be necessary to bias the sort
regions to the higher intensity side of the popu-
lation, which will sacrifice recovery of some of
the dim population cells but will favor exclu-
sion of the dimmer/negative population from
the sorted cells, providing higher purity (see
Fig. 1.24.1). As with all sorting decisions, pu-
rity versus yield/recovery must be weighed.

When performing sorts using more than one
fluorochrome, and where the emission from
one or more fluorochromes contaminates the
detection channel for another fluorochrome,
one must use compensation to correct the

spillover. Proper compensation and proper se-
lection of fluorochrome panels will be critical
for the proper separation of populations and
placement of sort regions. We will not attempt
a thorough discussion of compensation or flu-
orochrome selection here but refer the reader
to UNIT 1.14 and Maecker et al. (2004), respec-
tively.

The decision as to where negative popu-
lations and dim positive populations separate
can be difficult, due to the spreading of the data
following compensation. This effect is com-
pounded as the number of fluorochromes being
compensated increases, since spillover of each
fluorochrome contributes to increased spread
in other and potentially multiple parameters
(see UNIT 1.21 and particularly the discussion
of Fig. 1.24.5 regarding spillover). As a result,
it can often be difficult to determine where
positive and negative delineations should be
drawn. The merits of isotype controls have
been refuted as being useful in this regard.
Alternatively, the use of Fluorescence Minus
One (FMO) controls have been shown to be
more effective in determining where to delin-
eate populations. These controls contain each
fluorescent marker minus one of the panel.
In theory, there should be a FMO control for
each antibody in the panel; however, in cir-
cumstances where populations are clearly sep-
arated and resolvable they may not be neces-
sary. In general, when an epitope is expressed
as a continuum from the negative population,
or when the positives are only slightly brighter
that the negatives, the use of a FMO control
will be necessary to determine where to set
positive/negative gates. For a more in depth
discussion of compensation and FMO con-
trols, please refer to UNIT 1.14.

The “Mechanical” Components of
Sorting

Above we have discussed how issues with
data acquisition and analysis can affect the out-
come of high-speed sorting. The acquisition
issues are, however, only the first step in effec-
tive high-speed sorting. Obviously, the elec-
tronic and mechanical components of sorting
must also function properly. These electronic
and mechanical components are, of course, re-
sponsible for generating the droplets, charg-
ing the droplets, determining and maintain-
ing correct drop delay, and separating the
charged droplets, allowing them to deposit
into some collection vessel. Flow cytomet-
ric droplet sorters all work using the same
physics, statistics, and other principles, and so
all must follow the same general approaches



Practical Issues in
High-Speed Cell

Sorting

1.24.6

Supplement 51 Current Protocols in Cytometry

A B

C D

R2

R1

R1

R2R2

R1

R1

R2

100

101

102

101

102

103

104

100

103

104

100

101

102

101

102

103

104

100

103

104

100
101 102 103 104

100
101 102 103 104 100

101 102 103 104

100
101 102 103 104

R4R4

Figure 1.24.1 The histograms shown demonstrate the issue with sorting dim populations from
negative populations. Panels A and B show the data from the starting sample. Panel A shows the
position of R1 that tries to encompass the majority of what appears to be the positive sort region
R1 population. Panel B shows a more conservative position for sort region R1 to emphasize purity.
Panel C shows the sorting result using panel A R1 sort region and panel D shows the sort result
using the panel B R1 sort region. In panel C, the sort result is heavily contaminated with negatives
while in panel D the sort result is much more pure for the positive population. For the color version
of this figure go to http://www.currentprotocols.com/protocol/cy0124.

to the problem and, despite some sales claims
that would require the contrary, cannot violate
these principles.

Generating droplets
Droplet sorters work on the following basic

description (see UNIT 1.7). A fluid jet (always
in air regardless of where the cell analysis
takes place) is broken precisely into discrete
droplets by applying an acoustic energy to
the fluid, which following Raleigh’s formulae
(Rayleigh, 1877) will break into droplets at
some point from the origination of the stream.
The cells in the fluid stream partition into these
droplets and droplets containing cells of inter-
est are charged electrically through the fluid
stream as they break off. The droplets retain
the charge and are thus deflected as they travel
through an electrostatic field and are collected
in one or more types of collection vessels.

The first step in the process is the sta-
ble generation of droplets. A thorough dis-
cussion of the physics of the generation of
fluid jets and drops is beyond the scope of
this unit (see Pinkel and Stovel, 1985 and van
den Engh, 2000 for additional information).
A fluid stream breaks into drops based on the
force of surface tension. The fluid tends to
form drops but the drops remain part of the
fluid stream until they reach a size where sur-
face tension can no longer hold the drop in the
stream. At certain low pressures, the forma-
tion of the drops will be random and uneven.
However, as the stream velocity increases due
to increasing pressure behind the stream, the
stream will break into more uniform droplets.
A relationship exists between the diameter of
the fluid stream and the velocity of the stream.
Rayleigh described this relationship in 1877
(Rayleigh, 1877) and showed that a stream of
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fluid will break into drops when the wave-
length of the perturbations along the stream
exceeds the stream diameter (D) times π (λ
= πD). The optimal wavelength of the stream
perturbations works out to ∼4.5 D. The spac-
ing and, thus, the drop rate are proportional
to the stream velocity. Thus, to generate more
drops/sec with a given stream diameter (i.e.,
nozzle tip orifice diameter), we must increase
the stream velocity and do so by increasing the
pressure behind the fluid stream.

In order to stabilize the droplet formation
and to shorten the distance from the orifice that
the droplets will form, an acoustic energy is ap-
plied to the fluid stream. This acoustic energy
can be varied in both frequency and magnitude
(amplitude). Acoustical energy is produced by
having a piezoelectric crystal coupled to the
fluid stream. The vibrational frequency and
amplitude of a piezoelectric crystal changes
with a change in the frequency and ampli-
tude of an electric voltage placed across it.
The crystal is not in actual contact with the
sheath fluid but rather focuses the energy to
the fluid through the nozzle body. A stream
of given diameter and velocity (sheath fluid
pressure) will have an optimal frequency and
amplitude (or perhaps a couple of resonant en-
ergies) where the droplet formation is most
stable and will yield droplets of proper size.
Generally, the optimal drop frequency, at a
given stream velocity, will be the one which
produces close to the shortest length from the
nozzle to the formation of drops (the breakoff
point). This assumes that the general criteria
for proper drop formation are met—i.e., the
Raleigh conditions can be satisfied, the avail-
able drop drive energy requirements can be sat-
isfied, and for sorters that analyze in the fluid
stream that stream perturbation at the analysis
point is minimal. In order to sort faster, we
must increase the concentration of the cells in
the fluid stream. To avoid having more than
one cell contained in each droplet we must
generate higher numbers of droplets (i.e., we
must use sheath fluid pressures of increasing
magnitude) to, on average, partition only sin-
gle cells into each droplet. Most sorters to-
day, using a 70-μm tip orifice diameter with
a sheath pressure of 60 psi, can produce drop
frequencies in the range of 90,000 to 100,000
drops/sec. To generate higher droplet frequen-
cies requires increases in pressures that are
difficult and expensive to produce, are unsafe,
or would be expected to have harmful effects
on cells, and/or a smaller nozzle orifice diame-
ter. Note that cell size and/or shape may dictate
larger nozzle orifice diameters that will require

lower pressure and stream velocities, which in
turn will require lower frequencies of droplets
and, thus, lower cell numbers processed per
sec—i.e., slower sorting.

Analysis, sorting, and charging
coordination–drop delay

The analysis of the fluorescence proper-
ties of the cells and their inclusion or exclu-
sion in a population to sort occurs, of course,
when the cell is in the laser beam (or a few
nanosec after). This point will be well up-
stream of where the fluid stream is breaking
into droplets. A major challenge in sorting is to
determine when the desired cell will be in the
correct position—the last attached droplet—
for charging the stream to allow the droplet to
be sorted. This is referred to as the time de-
lay (or drop delay) and must be measured and
maintained very accurately over the course of
the sort. If this does not happen, then sort pu-
rity and/or sort yield/recovery will be severely
compromised. Under conditions of inaccurate
drop delay, the system will charge the last at-
tached drop (assuming charging phase is prop-
erly set) but the drop charged will not be the
drop that actually contained the desired cell
but rather will be the drop before or after. Not
only will the desired cell not be sorted, but also
the wrong incorrectly sorted drops will either
contain no cell (reduced cell recovery) or will
contain a cell that will simply be a random
selection from the entire sample of cells. Post-
sort analysis of such a sort will show relatively
few cells and the distribution of the cells found
will be the same as the starting sample. As we
discuss below, sorter manufacturers have vari-
ous approaches to determining the drop delay.

Not only must the stream charging be de-
layed properly, in terms of drop cycles to oc-
cur when the cell of interest is in the correct
drop, but the drop formation oscillator (drop
drive frequency or clock) and the sort charg-
ing systems clock must be in precise phase
(i.e., synchronized) for proper timing of the
charge application. The drop drive and the
charging systems operate as a cyclical pro-
cess and may be thought of as sine waves (as
they properly are). The sine waves must over-
lay precisely for proper timing. The charging
system must charge the stream just as the drop
to be sorted is finalizing its separation from
the stream. If it charges slightly early or late,
the drop will not get the full charge intended.
The synchronization is properly set when
sorted streams are deflected the maximum
amount (assuming the deflection field is held
constant).
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Drop formation stability
The major hurdle to overcome to provide

excellent sorting is that the droplet formation
remains very stable. This requires proper flu-
idics set up, and of course, proper electronics
design (beyond the scope of this unit), such
that droplet formation does not drift over time.
Stable drop formation will be adversely af-
fected by air bubbles in the sheath fluid, partial
occlusion of the nozzle orifice, external vibra-
tional energies, a change in the sheath fluid
pressure, or the velocity of the sheath fluid
caused by a change in sheath fluid temperature.
Air bubbles in the sheath fluid and/or trapped
in the nozzle will effectively change the ef-
ficiency of coupling of the acoustical energy
from the piezoelectric crystal to the fluid. Ef-
forts should be made to ensure that the sheath
fluid (and sample fluid) do not contain or have
otherwise introduced air bubbles into the noz-
zle. It is easy to recognize the introduction of
air into the nozzle as the observed drop im-
age will drastically shift. The data display,
especially forward scatter, will also usually
show a dramatic change. These changes—if
not correctable by removal of the air bubble
(preferable)—may be corrected by adjusting
the crystal drive amplitude. However, this will
not correct any data perturbations. A change in
temperature of the sheath fluid will affect the
viscosity of the fluid and, therefore, will af-
fect the way the droplets form by changing the
wavelength of the propagating energy in the
fluid stream. This will alter the break-off tim-
ing and should be adjusted by also changing
the crystal drive amplitude. It is necessary to
reduce temperature fluctuations by having an
adequate HVAC system in the sorter room and
by moving heat-generating components away
from the sheath tanks, fluidics lines, and noz-
zle. The sheath fluid tanks and the line that
deliver the sheath fluid to the nozzle must be
isolated from environmental vibration. Addi-
tional vibrational energy will affect the total
vibrational energy, which will affect the drop
break-off position (while monitoring the drop
delay vibrate the sheath line and observe the
effect). Changes in sheath fluid pressure will
affect the drop break-off position but not the
break-off timing. These changes will affect
how far away from the tip the stream breaks
off but not the timing. This is because these
changes are affecting the stream velocity and,
thus, the drop delay will be the same even
though the breakoff distance is different. Use
of the drop drive amplitude to correct this will
be inappropriate and the operator will actually

be changing the delay and adversely affecting
the sort quality.

The stability of drop generation is moni-
tored using images from cameras with the drop
motion stopped with frequency-synchronized
strobes. Initially during set up, the droplet sep-
aration is adjusted to have an image where the
last drop is attached to the fluid stream by a
thin neck (see Fig. 1.24.7A). It is often use-
ful to set the camera strobe phase to zero (or
some small value, e.g., 5) to be sure that you
have the drop formation correct relative to the
charge timing. The image selected for monitor-
ing must be maintained over the length of the
sort or adjusted as described above. Operator
initiated adjustments can be made if the oper-
ator is willing to constantly monitor the image
and make the necessary adjustments. If this
is the preferred method, it is useful to mark
reference lines on the image monitor. More
recently, sorter manufacturers have included
image analysis feedback loops to maintain the
drop image by adjusting the drop drive am-
plitude. These monitor the system constantly
and frequently—every second or so—and can
detect changes and attempt to correct the im-
age. If they are unable to maintain the image,
they can stop the sort and alert the operator.
A sensitive indicator that the sort conditions
are varying is observed changes to the side
streams. As the breakoff drifts, the synchro-
nization of the drop formation and the stream
charging separates and the drops do not get
the full charge and, thus, they are deflected
differently.

Sort stream integrity and control
The sorted streams (or so-called side-

streams) need to be maintained in proper po-
sition as discussed above. Sort stream fanning
(spreading) can occur for a number of rea-
sons. The first is a phenomenon that all sorters
must deal with. When a drop is charged (as-
suming perfect charge phase), it will induce
an opposite charge in adjacent drops. If that
adjacent drop is also to be charged with the
same polarity as the first drop, the induced
opposite charge will partly offset the applied
charge—i.e., the second drop will be charged
slightly less than the first drop. When these
two drops travel through an identical deflection
field, the one with the greater charge will de-
flect more and travel on a slightly different tra-
jectory than the original drop. Thus, the width
of the sort stream will increase, or we say the
side stream is fanning. If the second drop is to
be charged with the opposite polarity from the
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Figure 1.24.2 These photos (A and B) from the stream illumination camera show a central waste
stream and two deflected side streams. Panel A shows the waste stream after proper defanning
has been set. Panel B shows the waste stream before adjustment for charge correction (i.e.,
defanning). Panel C shows a photo of the setup for 4-way sorting.

first, the charge on that drop will be more (ap-
plied charge plus induced charge) than another
drop charged fully with that polarity leading to
the same problem but in the other sort stream.
This is compounded with the ability of sorters
to sort up to two populations in each polarity
direction (total of four streams). The charge
induction has to be taken into account and ad-
justments made to the adjacent drops. Thus,
when an adjacent drop is to be charged with
the same polarity, the charge amplitude is in-
creased slightly to offset the induced slight op-
posite charge. When the adjacent drop is to be
charged with the opposite polarity, the applied
charge amplitude is slightly reduced. The sys-
tem is told how much (in percentage) to adjust
by an operator selection and sophisticated sys-
tems can vary the charge over a span of about
four adjacent drops. The fanning will also oc-
cur on the waste (unsorted) stream. A variable
adjustment is made while visualizing the waste
stream fanning and is adjusted until the waste
stream fanning is reduced as much as possi-
ble (see Fig. 1.24.2). How well the system is
designed to handle this is best determined by

visualizing very high-frequency sort streams.
High-frequency sort streams mean that charge
induction is occurring constantly and affecting
many adjacent drops. If not handled properly,
these high-frequency side streams can fan to
the point where some fraction of the cells may
be missing the collection tube or contaminat-
ing an adjacent tube.

Fanning is always the result of producing
sorted droplets that carry various charge ampli-
tudes assuming that there is no malfunction in
the charging electronics (rare). However, this
can occur for other reasons than that just de-
scribed above. When the charging electronics
clock is not synchronized with the drop for-
mation, the charge may be spread across two
drops (probably unequally) causing improper
charging of the breakoff drop. If equal-sized
droplets are not generated, the droplet charge
will vary as a function of the surface area of the
droplet (charge is only carried at the surface of
the droplet). Unequal-sized droplets can form
because of perturbations to the droplet for-
mation process. When the cell size becomes
a larger fraction of the droplet size/stream
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diameter and these cells occur near the bound-
aries of drops that are breaking off, the drop
formation is altered to produce larger and
smaller droplets. This effect is seen not only
with larger cells but also because of cell
shapes. In addition, large amounts of debris
in the sample promotes side-stream fanning
for the same reason. If the size and/or shape
of the cell are the issue, the solution is to use
a larger nozzle tip orifice diameter. If debris
is the issue, the debris should be reduced or
removed.

Sort decision strategies
In modern sorters, the position of the cell

within the drop can be predicted with fairly
good accuracy. Different sorters can resolve
the position to within 1/32nd to 1/1000 of
a drop period. The position sensing is done
when the cell occurs in the laser—i.e., the sys-
tem trigger criteria are met. The time of the
triggered event is referenced relative to the
system clock (a sinusoidal wave)—the time
within the start and end of a clock cycle pro-
viding the position. This position, assuming
the system clock and the drop formation clocks
are synchronized, predicts the position of the
cell within the drop. Cells arrive at the laser
at random times that are described by Pois-
son statistics (see below). Thus, the cells also
arrive at the last attached droplet at random
times, but the drop formation is not random
but constant at a predictable frequency. This
means that cells can occur anywhere relative
to the drop boundaries. When a cell occurs
near a droplet boundary, there is a finite prob-
ability that the system has not correctly pre-
dicted its arrival at the drop or that the cell will
partition into the droplet before or after the
charged drop depending on which side of the
drop period it occurs. It is possible to instruct
the sorter to sort two adjacent drops when the
cell position is predicted to be at the edge of
droplets. These are referred to as sort modes
or sort masks and the total sorted event (drops)
or inspected event (drops in the sort masks) is
termed the sort envelope. The operator may se-
lect how the system should perform based on
fractions of a drop period. Cells which are pre-
dicted to be in the specified fraction of a drop
at the leading or trailing edges will trigger the
system to sort the predicted drop and the drop
before (for a cell in the leading cell fraction)
or after (for a cell in the trailing drop fraction).
This will function to increase the probability
that the cell of interest actually ends up in the
collection tube. However, this can cause a loss
of sorted cells when the cell rate is high, as the

likelihood that a sort envelope will be contam-
inated by an unwanted cell increases.

In old sorters where the electronics were
not as good at being sure where the cell was,
we often specified either a 2-drop or a 3-drop
sort envelope. This would ensure that we cap-
tured the desired cell, but if the cell event rate
increased this could lead to substantial loss
of desired cells as sort envelopes of 2 and 3
drops have a higher probability of containing
an unwanted cell. This in part contributed to
the slower speeds of the older generations of
sorters.

It is also important that the positions of
other cells, especially unwanted cells, close to
the desired cell be predicted. The system can
then predict if these unwanted cells will con-
taminate the sort envelope and, if so, can de-
termine, based on operator input, how to deal
with the contaminating cells. The sort mask
(also called exclusion zone or reject width)
can be set in most instruments to a width spec-
ified as a fraction of a drop. The mask is op-
erative on both sides of the predicted drop.
The width of the sort mask that is desired is
based on a choice between purity and yield.
The sort/exclusion mask will of course cause
a loss of a fraction of the desired cells since
when an unwanted cell occurs within the sort
mask area, the sort event will be aborted, caus-
ing the loss of the wanted and unwanted cell.
Depending on the experimental needs, differ-
ent types of sort masks can be set.

When higher purity is required, a purity
mask is set. In this mode, the user speci-
fies how far on each side of the predicted
drop one wishes to look for contaminant cells.
Figure 1.24.3 illustrates a purity/exclusion
mask of 0.25 (i.e., one quarter) of a drop on
either side, thus, the sort mask is 1.5. Any un-
wanted cells that occur within the 0.25-drop
width on either side will trigger the system
to abort the sort. Operators should understand
the consequences of increasing the purity mask
width—lower yield but higher purity.

If a higher yield is required, one can set a
yield/recovery mask. In this mode, the sorter
will sort either one drop or two drops. If the
cell is predicted to be in the middle fraction
of the drop (usually the middle half but on
some instruments can be specified), the sorter
sorts just the one drop containing the cell of
interest. If the cell is predicted to be at the
edge (either leading or trailing) of the target
drop, the sorter will sort two drops. If the cell
is at the leading edge, then the target drop and
the drop before it will be sorted. If the cell is
predicted to be in the trailing edge of the drop,
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Figure 1.24.3 This illustration demonstrates the effects of setting a purity mode (or mask). The
rectangles represent the drops to be formed. Note that at the time these sort decisions are being
made, the “drops” are not yet formed but are contained in the fluid stream. The “target drop” will be
the drop which is predicted to contain the desired cell to be sorted, the “leading drop” will be the
drop to be formed immediately preceding the target drop, and the “trailing drop” will be the drop
to be formed following the target drop. These definitions apply to all similar figures. The drops are
divided into 1/16ths (for simplicity—current instruments have divisions which range from 1/32nd to
1/1000th) for cell localization. The exclusion zone (or purity mask) that has been set is 0.5 drops
(i.e., 0.25 drops to either side of the drop predicted to contain the cell to be sorted. This means
that the sort envelope is 1.5 drops). The small (green) dots represent wanted cells and the large
(red) dots represent cells that are not wanted. The drops that will be sorted are boxed (light blue).
For the color version of this figure go to http://www.currentprotocols.com/protocol/cy0124.

then the target drop and the trailing drop are
sorted (see Fig. 1.24.4). Yield masks can be
combined with purity masks (see Fig. 1.24.5).

If one wishes to emphasize recovery of all
wanted cells but can tolerate lower purities,
then a yield mask of perhaps 1.5 to 2.0 (0.25 or
0.5 drops on either side) should be used. At
the extreme of this mode is the enrich mode.
In this mode, the sort aborting system is turned
off altogether and the system pays no attention
to contaminant cells but sorts solely to recover
all wanted cells without regard to any contami-
nation. This mode is frequently used when one
has a very low frequency of desired cells and
wishes to concentrate them. The sort can be
run at very high trigger rates—up to ∼75,000

cells/sec. This will provide an enriching sort
at maximum speed but which is likely to be far
less pure than desired. Subsequent to the en-
rich sort, a purify mode sort can be performed
on the product of the enrich sort to increase
the purity. This can usually reduce the total
sorting time.

The final sort mode or mask that can be
performed is the single cell (or phase) mask.
In this mode, the only time a cell will be sorted
is when the cell occurs in the middle of the
target drop (see Fig. 1.24.6). If the desired cell
is in some outside fraction of the drop (e.g.,
0.25), the sort is not performed. In addition, the
occurrence of any other cell—even a wanted
cell—within the sort envelope will abort the



Practical Issues in
High-Speed Cell

Sorting

1.24.12

Supplement 51 Current Protocols in Cytometry

Figure 1.24.4 This illustration shows the effects of setting a recovery or yield mask of 0.5 drops
(0.25 drops on either side of predicted drop). When the cell is in the middle half of the drop predicted
to contain it, only the one drop will be sorted. When the cell is in either of the outside quarters of
the drop, the drop predicted to contain it and the drop to the respective side will be sorted as the
cell may partition into the neighboring drop. The drops that will be sorted are boxed (light blue).
For the color version of this figure go to http://www.currentprotocols.com/protocol/cy0124.

sort. This mode can also be combined with a
purity mask. Single cell modes are used when
one wishes to know an exact count of how
many cells are deposited. This mode should
be used when cloning cells or placing other
defined numbers of cells into tissue culture
plate wells or PCR tubes. The single mode
results in the highest loss of wanted cells, but
usually this is not a problem, as relatively few
sorted cells are needed. If the frequency of the
wanted cells is very low and a relatively large
number of cells are needed and/or if the sample
size is limiting, one may have to rethink the
sort mode. In this case, a single drop purity
sort (with or without an exclusion zone) might
be considered, recognizing of course that the
probability of any given well receiving a cell
is lower and that any given well might receive
two wanted cells (unlikely at very low wanted
cell frequencies).

Sorting statistics
An understanding of the statistics affecting

sorting is critical to understanding how to set
sort modes and other factors that affect the ex-
pected yield and purity. The Poisson statistic
describes the probabilities of the occurrence
of random events. Since we want to sort and
make meaningful decisions about what cells
we get, as we discussed above, we need to
understand the statistics involved so we can
decide how many cells we can push through
the system; what purity and yield we might ex-
pect, and how long it will take to do the sort to
get the number of cells desired. What we try to
predict is how frequently we can expect coinci-
dent cells in the laser beam and at the break-off
droplet. Three classes of coincidence have ex-
isted traditionally: (1) coincident cells are too
close together to be resolved by the analysis
component of the sorter; (2) coincident cells
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Figure 1.24.5 Shown in this figure is the effect of combining both a purity and recovery/yield mode or mask. Both masks
are set to 0.5 drop (i.e., ± 0.25 drop). The yield mask is shown in olive (shaded) and the purity mask in light purple
(hashed). Wanted cells are represented by small (green) dots and unwanted cells by large (red) dots. The drops that will
be sorted are boxed (light blue). For the color version of this figure go to http://www.currentprotocols.com/protocol/cy0124.
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Figure 1.24.6 This is an illustration of a “single” sort mode (phase mask). The mask of 0.5 drops
is shown in shaded (olive). The drops that will be sorted are boxed (light blue). Only when a cell
is predicted to be in the middle half of the drop will the drop be sorted. This mode results in the
largest loss of cells of any of the modes. Note the single mode can also be combined with a purity
sort (not shown here). For the color version of this figure go to http://www.currentprotocols.com/
protocol/cy0124.

are identified as present by the analysis com-
ponent but too close together to resolve—in
the modern (so-called digital) instruments this
is decreased as faster electronics allow individ-
ual analysis windows for each event (note an
event can still be 2 cells); (3) coincident par-
ticles are detected/resolved but are too close
together to be separated at the sorting stage.
Thus, most coincidence in sorting in modern
sorters (when cells are resolved by the analysis
system as individual events/cells) comes from
the third class of coincidence. Note that the
ability to perform doublet discrimination (us-
ing pulse processing analysis) to identify class

1 coincidence event does not change this as it
will usually (but not always) eliminate these
coincident events. Note also that the ability to
resolve doublets and other coincidence events
(class 1) is dependent on the relationship be-
tween the size of the particle and the laser
beam height. Thus, our discussion applies to
those cell types (the most common applica-
tions) for which the cell size is close to, or
larger than, the laser beam height (e.g., lym-
phocytes and larger cells). The less common
exceptions are for those small particles (e.g.,
bacteria, yeast, or platelets) where the laser
beam height is larger than the particle and,
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thus, where two discrete cells are fully within
the beam simultaneously. These events would
not fall into the class 2 or 3 coincidence groups,
but would behave like a class 1 coincidence
event.

The third class of coincidence, and, thus,
the sort rate, can be calculated from the Pois-
son statistic (see Pinkel and Stovel, 1985).
The formula for the calculation of the best
sort rate is: Rs = εμe−(1−ε)μTn, where Rs is
the sort rate, ε is the fraction of cells to be
sorted (i.e., wanted), μ is the input cell fre-
quency (no. cells/μsec), T is the droplet pe-
riod (1 sec/drop frequency per sec), and n
is the number of droplets deflected per sort
event or n is the number of drops examined
in an exclusion sort mask. Note that n must
take into account the entire sort mask. Thus,
when using a recovery or yield mask and a
0.25 drop exclusion is set, the number of drops
is 1.5—the drop to be sorted plus the exclu-
sion of 0.5 drops. We have prepared an Excel
spreadsheet for calculating sort rates that you
may download and use (http://flowcytometry.
med.unc.edu/sorting.htm). This calculation
provides a better estimate of coincidence than
does a simple application of the Poisson statis-
tic. It can slightly underestimate the sort rate as
it does not take into consideration the small fre-
quency (in most sorts) of coincident cells both
being wanted cells. By application of the bi-
nomial distribution ([(p + q)n = 1), where p is
the fraction wanted, q is the fraction unwanted,
and n is the number of coincident events we
wish to calculate, we can calculate this. How-
ever, this underestimation is offset by the fact
that the “perfect” coincidence estimated is
usually an overestimation of what real life
coincidences will be when non-randomness
is considered. Additional discussion of the
statistics of cell sorting can be found in
UNIT 1.7.

Real cells usually have some degree of
clumping. In addition, and probably more im-
portantly in modern sorters where we have
good tools for revealing clumps, other factors
can lead to cells not being independent and,
thus, not subject to just random occurrence.
Non-independence (i.e., cells are revealed as
individual cells but are still not independent)
can increase coincidence aborting dramati-
cally. Below we present some example data
of sort rate calculations using different sort
conditions (tip size and drop frequency) and
total and wanted cell rates. See Tables 1.24.1
and 1.24.2.

PRACTICAL ASPECTS OF
HIGH-SPEED SORTING

Cell Preparation and Cell Viability
It goes without saying that good high-speed

sorting is dependent upon good sample prepa-
ration. Samples containing cells with high
viability, low clumping, and little debris are de-
sirable. The nature of the starting cellular ma-
terial will often dictate the preparation proce-
dure. Certain tissue or cell types may be more
problematic than others (e.g., lymphocytes are
very easy while tissues e.g., liver and adult
neuronal tissue are problematic). Embryonic
tissues are usually much easier to disaggregate
than are the same tissue from adults. Many fac-
tors can influence the viability of cell prepara-
tions. For adherent cells grown on tissue cul-
ture plates, always avoid mechanical scraping
to remove the cells. This almost always results
in a very poor preparation of cells with many
dead cells, much debris, and clumping. Ad-
herent cells should be removed by enzymatic
and/or cation chelation (EDTA) and/or cold.
It must be recognized that enzymatic removal
may result in loss of surface protein and glyco-
protein antigens. Difficult to remove cells may
be successfully grown on and removed from
low-adherence tissue culture plates. The use
of polystyrene test tubes should be avoided in
favor of polypropylene tubes. Conical-bottom
test tubes should be avoided in favor of round-
bottom tubes. Centrifugation steps should be
of a duration that is only long enough to min-
imally pellet the cells and the cells should not
remain in the pelleted state for any longer than
necessary. It is best to be at the centrifuge
when the rotation stops and immediately re-
move the tubes. Removal of supernatant from
the cell pellet should be performed by pouring
off the fluid rather than by suction removal,
to avoid loss of cells. Immediately after re-
moving the supernatant, the pellet should be
disaggregated before any additional fluid is
added. Clumps should be removed by filtration
through a mesh filter (30-μm mesh; e.g., self-
cut Nitex http://www.industrialnetting.com, or
commercial filter units—Partec, http://www.
partec.com; BD Biosciences, http://www.
bdbiosciences.com; Miltenyi Biotec, http://
www.miltenyibiotec.com) at each step, other-
wise any clumps tend to act as a source for
further clumping. It may be advantageous to
include 200 μg/ml of DNase in the media
through all steps to degrade high-molecular-
weight DNA, which promotes clumping. The
addition of up to 5 mM EDTA to the buffer will
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Table 1.24.1 Example Sort Efficiencies for a 70-μm Tip at a Sheath Pressure of 60 psia

Input rate
(cells/sec)

% wanted
cells

Input rate of
wanted cells(/sec)

Best sort rate
(cells/sec)

Wanted cells
collected per hour

% sorted Sort efficiency
(%)

A. 70 μm tip – 60 psi – 93,000 drops/sec – 1 drop sort envelope

5000 20.0 1000 958 3.3 × 106 19.16 95.79

10,000 2000 1835 6.6 × 106 18.35 91.76

15,000 3000 2636 9.5 × 106 17.58 87.89

20,000 4000 3367 1.2 × 107 16.83 84.19

25,000 5000 4032 1.4 × 107 16.13 80.65

30,000 6000 4635 1.6 × 107 15.45 77.25

5000 5.0 250 237 8.5 × 105 4.75 95.02

10,000 500 451 1.6 × 106 4.51 90.29

15,000 750 643 2.3 × 106 4.28 85.79

20,000 1000 815 2.9 × 106 4.08 81.52

25,000 1250 968 3.4 × 106 3.39 77.46

5000 1.0 50 47 1.7 × 105 0.95 94.82

10,000 100 89 3.2 × 105 0.90 89.90

15,000 150 127 4.6 × 105 0.85 85.24

20,000 200 162 5.8 × 105 0.81 80.82

25,000 250 191 6.9 × 105 0.77 76.63

5000 0.2 10 9 3.4 × 104 0.19 94.77

10,000 20 18 6.5 × 104 0.18 89.82

15,000 30 25 9.2 × 104 0.17 85.13

20,000 40 32 1.1 × 105 0.16 80.68

25,000 50 38 1.3 × 105 0.15 76.47

B. 70 μm tip – 60 psi – 93,000 drops/sec – 1.5 drop sort envelope

5000 20.0 1000 937 3.3 × 106 18.75 93.75

10,000 2000 1,757 6.3 × 106 17.58 87.89

15,000 3000 2,472 8.8 × 106 16.48 82.40

20,000 4000 3,090 1.1 × 107 15.45 77.25

25,000 5000 3,621 1.3 × 107 14.48 72.43

30,000 6000 4,074 1.4 × 107 13.58 67.90

continued
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Table 1.24.1 Example Sort Efficiencies for a 70-μm Tip at a Sheath Pressure of 60 psia, continued

Input rate
(cells/sec)

% wanted
cells

Input rate of
wanted cells(/sec)

Best sort rate
(cells/sec)

Wanted cells
collected per hour

% sorted Sort efficiency
(%)

B. 70 μm tip – 60 psi – 93,000 drops/sec – 1.5 drop sort envelope, continued

5000 5.0 250 232 8.3 × 105 4.63 92.62

10,000 500 429 1.5 × 106 4.29 85.79

15,000 750 595 2.1 × 106 3.97 79.47

20,000 1000 736 2.6 × 106 3.68 73.60

25,000 1250 852 3.0 × 106 3.41 68.18

5000 1.0 50 46 1.7 × 105 0.92 92.33

10,000 100 85 3.1 × 105 0.85 85.24

15,000 150 118 4.2 × 105 0.79 78.70

20,000 200 143 5.2 × 105 0.73 72.66

25,000 250 167 6.0 × 105 0.67 67.09

5000 0.2 10 9 3.3 × 104 0.18 92.27

10,000 20 17 6.1 × 104 0.17 85.13

15,000 30 23 8.5 × 104 0.16 78.55

20,000 40 29 1.0 × 105 0.15 72.47

25,000 50 33 1.2 × 105 0.13 66.87
aSort efficiencies are calculated for a 70-μm tip at a 60 psi sheath pressure at various input rates and wanted cell frequencies. Table 1.24.2A shows
the results for a single drop sort envelope and Table 1.24.2B for a 1.5 drop envelope (i.e., a purity mask of 1.5). Also shown are the numbers of
wanted cells collected per hour. To calculate sort efficiencies for other input values (input rate, drop frequency, wanted %, and drop envelope) see
http://flowcytometry.med.unc.edu/sorting.htm.

also aid in the reduction of clumping. Note that
the addition of serum will negate the effect of
the EDTA.

The media used in the preparation of the
cells can also affect the cell viability. In
general, the use of PBS for viable cell sort-
ing should be avoided. Culture medium is
preferred but optimally should be devoid of
phenol red and other molecules (e.g., flavins)
that can contribute to autofluorescence. For
mouse lymphocytes for example, we have
found that the use of RPMI-1640 is useful.
Obviously, if one wishes to use a biotin–
streptavidin step in the staining procedure,
the medium must also lack biotin. An RPMI-
1640 media without phenol red, flavins, and
biotin is available as a custom order from
HyClone (http://www.hyclone.com; cat. no.
SH3A025.01). In lieu of culture media, but
preferable to PBS, would be a balanced salt
solution e.g., Hank’s balanced salt solution
(HBSS), again preferably without the phenol
red unless you have tested and demonstrated
that it does not interfere (see APPENDIX 2A for

the recipe). Media containing a CO2-carbonate
buffering system should be avoided or should
be buffered with a non-CO2-based buffer, e.g.,
HEPES, pH 7.2 to 7.5. If not, the medium
will lose CO2 during the sort and become
quite alkaline, which may be detrimental to
the health of the cells. This is especially true
when cloning into micro-well culture plates
where a large surface to volume ratio acceler-
ates the pH increase. The sample fluid should
contain some type of protein. This may either
be BSA or fetal bovine serum to a final con-
centration of 1% to 2% (and heat inactivated
at 56◦C for 30 min.). Serum should be filtered
prior to adding to the media to avoid the intro-
duction of any fibrin or other particulate matter
into the sample. However, even with filtering,
some sera will produce a “debris” population
on the FSC/SSC plots and this could be taken
as a poor sort result if not recognized.

The final concentration of cells in the sam-
ple will vary considerably depending on the
number of cells available, the cell type, and
its proclivity for clumping, and the desired



Practical Issues in
High-Speed Cell

Sorting

1.24.18

Supplement 51 Current Protocols in Cytometry

Table 1.24.2 Sort Efficiencies for a 100-μm Tip at a Sheath Pressure of 27 psia

Input rate
(cells/sec)

% wanted
cells

Input rate of wanted
cells(/sec)

Best sort rate
(cells/sec)

Wanted cells
collected per hour

% sorted Sort efficiency
(%)

A. 100 μm tip – 27 psi – 42,000 drops/sec – 1 drop sort envelope

2500 20.0 500 477 1.7 × 106 19.07 95.34

5000 1000 909 3.3 × 106 18.18 90.91

10,000 2000 1,653 5.9 × 106 16.53 82.66

15,000 3000 2,254 8.1 × 106 15.03 75.15

2500 5.0 125 118 4.2 × 105 4.70 94.50

5000 250 223 8.0 × 105 4.47 89.31

10,000 500 398 1.4 × 106 3.99 79.76

15,000 750 534 1.9 × 106 3.56 71.23

2500 1.0 25 23 8.5 × 104 0.94 94.28

5000 50 44 1.6 × 105 0.89 88.88

10,000 100 79 2.8 × 105 0.79 79.00

15,000 150 105 3.8 × 105 0.70 70.22

2500 0.2 5 5 1.7 × 104 0.19 94.23

5000 10 9 3.2 × 104 0.18 88.79

10,000 20 16 5.6 × 104 0.16 78.85

15,000 30 21 7.5 × 104 0.14 70.02

B. 100 μm tip – 27 psi – 42,000 drops/sec – 1.5 drop envelope

2500 20.0 500 465 1.7 × 106 18.62 93.11

5000 1000 866 3.1 × 106 17.33 86.69

10,000 2000 1,503 5.4 × 106 15.02 75.15

15,000 3000 1,954 7.0 × 106 13.03 65.14

2500 5.0 125 114 4.1 × 105 4.59 91.87

5000 250 211 7.6 × 105 4.22 84.40

10,000 500 356 1.3 × 106 3.56 71.23

15,000 750 451 1.6 × 106 3.01 60.11

2500 1.0 25 23 8.2 × 104 0.92 91.54

5000 50 42 1.5 × 105 0.84 83.80

10,000 100 70 2.5 × 105 0.70 70.22

15,000 150 88 3.1 × 105 0.59 58.84

continued
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Table 1.24.2 Sort Efficiencies for a 100-μm Tip at a Sheath Pressure of 27 psia, continued

Input rate
(cells/sec)

% wanted
cells

Input rate of wanted
cells(/sec)

Best sort rate
(cells/sec)

Wanted cells
collected per hour

% sorted Sort efficiency
(%)

B. 100 μm tip – 27 psi – 42,000 drops/sec – 1.5 drop envelope, continued

2500 0.2 5 5 1.6 × 104 0.18 91.47

5000 10 8 3.0 × 104 0.17 83.68

10,000 20 14 5.0 × 104 0.14 70.02

15,000 30 18 6.3 × 104 0.12 58.59
aSort efficiencies are calculated for a 100-μm tip at a 27 psi sheath pressure at various input rates and wanted cell frequencies. Table 1.24.3A shows
the results for a single drop sort envelope and Table 1.24.3B for a 1.5 drop envelope (i.e., a purity mask of 1.5). Also shown are the numbers of
wanted cells collected per hour. To calculate sort efficiencies for other input values (input rate, drop frequency, wanted %, and drop envelope), see
http://flowcytometry.med.unc.edu/sorting.htm.

speed of sorting. Some cell types, e.g., lym-
phocytes, will tolerate the high concentration
necessary for very high-speed sorting better
than most other cell types. Cell concentrations
in the range of 2 to 5 × 107/ml will facil-
itate sorting at rates up to 35,000/sec with-
out undue increase in the core stream diame-
ter, which should be kept small for best cell
analysis. Lower cell concentrations will re-
sult in lower speed sorting as a consequence
of the need to keep the core stream diame-
ter small. We prefer to determine the optimum
core stream diameter by running an alignment
particle that has a concentration of 106/ml.
The sample pressure is adjusted so that the
CV of the test particles is optimal and the
pressure noted. Cells are then run at that sam-
ple pressure or up to 0.3 psi higher. The sort
speed is then entirely dependent on the cell
concentration.

During the sort, cells will settle out in the
sample tube effectively increasing the sample
concentration at the bottom of the tube and in-
creasing the threshold speed at the laser. This
settling can cause a number of issues. The in-
crease in speed, if not adjusted using the sam-
ple pressure, may exceed the conditions de-
sired for sort recovery and purity. It may also
lead to an obstruction of the sample pickup
line at the end in the sample tube. This will be
indicated by a loss in trigger rate that cannot
be explained by a reduction in the cell concen-
tration, and the trigger rate can become zero.
The blockage will need to be removed by re-
moving the sample tube and backflushing the
sample line. This can result in a significant
loss of cells if this needs to be repeated fre-
quently, as all the cells in the sample line will
be lost. Sorters should be configured with a
mechanism for stirring the sample tube to help
eliminate this. The tendency for this to happen

is also likely a result of the sample prepara-
tion, as we have observed that the same types
of samples may or may not have this problem.
Careful attention to the details of the sample
preparation can avoid this to a large extent. In
general, adherent cells have a greater propen-
sity to rapid settling than do cells that normally
exist in suspension.

Usually the sample tube will be kept cold
(e.g., 4◦C), which helps to maintain viability
especially over the course of long sorts. Tem-
perature control is provided by a refrigerated
recirculating unit, which is connected to the
sample support device by insulated tubing. If
possible, the temperature of the bath should be
set by measuring the temperature at the sample
tube to compensate for temperature increase
over the transmission tubing. However, some
cells may be negatively affected by cold and
they may do better at room temperature. This
should be established for each individual cell
type.

Cell viability may of course be impacted
during the sort due to a number of issues. When
high-speed cell sorting first became available,
many predicted that the cells would not survive
the sudden decompression from a relatively
high pressure to ambient pressure. This has
not proved to be a concern for most cell types
and at the pressures currently used in com-
mercial cell sorters (i.e., about 60 psi as the
upper limit). However, dyes to detect cell death
should be included in the sample to help elim-
inate dead cells from being sorted. The use of
propidium iodide at a final concentration of
1 μg/ml is commonly used; however, due to
its broad emission range it is less attractive to
investigators who want to sort using many dif-
ferent fluorochromes. DAPI at 0.1 μg/ml is a
reasonable alternative as it can be easily ex-
cited with either a UV or violet laser, which
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leaves many options available for other fluo-
rochrome choices. TOPRO-3 can also be used
off the red laser.

There are scattered anecdotal reports that
cells (e.g., T lymphocytes or certain bone mar-
row cells) may have reduced viability or be vi-
able but have reduced cell functionality (e.g.,
lowered responses to specific stimuli) follow-
ing high-speed cell sorting. To our knowl-
edge, this has never been rigorously tested and
published. The experiences of others seem to
contradict these to some extent. Users should
always be prepared to test the viability and
functionality of their cells after experiencing
the sort conditions being used.

There are some clear indications that cer-
tain sort conditions can negatively affect the
viability of the sorted cells. When the diam-
eter of the nozzle tip is not properly matched
to the size/shape of the cells being sorted, vi-
ability can decrease. As we discussed above,
cells can affect the dynamics of droplet forma-
tion leading to irregular breakoff patterns and
droplets of various sizes. This leads to side
stream fanning. We have observed that when
this occurs the sorted cells have a significantly
decreased viability presumably due to shear
forces at the drop breakoff. Thus, it is critical
that the cell size and nozzle size be properly
matched. Often this is not clear before hand
and will need to be empirically determined by
trying various tip diameters until one is found
where the side stream fanning is reduced sig-
nificantly or eliminated. As a rule of thumb,
the nozzle orifice should be at least five times
the diameter of the cell.

Most sorters use some form of PBS as the
sheath fluid. The fluid must of course be free
of any agents (e.g., preservatives or sterility
maintaining components) that may damage the
sorted cells. For some sensitive cell types, the
PBS may need to be replaced with a more sup-
portive medium e.g., HBSS or a culture media.
(NOTE: If using a medium containing carbo-
hydrates, the system must be purged of the me-
dia before shutting down the instrument, as the
carbohydrates will promote bacterial growth in
the fluidics system leading to subsequent bac-
terial contamination issues). Attention must be
placed on maintenance of proper pH of this
media as discussed above. Sorted cells must
of course, be captured in some vessel, usually
a test tube in the case of bulk sorting. Some
type of fluid should be placed in the capture
tube to prevent drying of the sorted material
(in the case of very low frequency sort events)
or to maintain viability. When using PBS as
the sheath fluid, the capture fluid will become

diluted by the PBS, and it will change concen-
tration and this should be taken into account.
It is often advantageous to include serum (or
other protein e.g., BSA) in the capture fluid
to improve viability. Some users sort into pure
serum with the dilution factor from the sheath
fluid in mind. This should be tested, as some
cells may experience toxic effects from this.

The nature of the experiment will also dic-
tate what type of collection fluid is used. The
comments above have discussed collection flu-
ids when cells are intended for re-culture or
transfer into animals. Other experiments re-
quire different procedures. For example, when
cells are sorted for recovery of RNA (or DNA),
investigators sometimes prefer to sort directly
into RNA isolation (lysis) buffers. These im-
mediately lyse the cells and in the case of iso-
lating RNA can contain RNase inhibitors. This
approach is useful to limit the time and possi-
bility of RNA profiles changing as a result of
the sort manipulations. An example of a com-
mercial reagent for this is RNAlater (Qiagen,
http://www1.qiagen.com). One obvious prob-
lem with this approach, however, is that it is
not possible to re-analyze the sort result.

During the collection of the sorted cells, the
sheath fluid will tend to layer on top of the cap-
ture fluid. The sort should be paused frequently
to mix the sort collection tubes, otherwise the
cells will essentially be sitting in just sheath
fluid. No sorter on the market has an automated
device for performing this mixing. The inclu-
sion of antibiotics in the capture fluid is not
normally necessary. Most antibiotics require
cellular metabolism and if the sorted sample is
being kept cold, this will not occur to any sig-
nificant degree. The sorted cells will usually
need to be concentrated by centrifugation and
the media replaced to remove the sheath fluid
component of the collected sample anyway.
The inclusion of antibiotics during the sub-
sequent culture of the cells is recommended.
Most sorters can produce sorts that are ster-
ile and even without antibiotics will remain
free of microbial contamination. However, the
environments of most sorters are uncontrol-
lable in regard to microorganisms and while
the instrument can be sterilized (see below) en-
vironmental contamination especially by air-
borne contaminants can occur. The inclusion
of a broad-spectrum antibiotic in place of or in
addition to the typical penicillin-streptomycin
antibiotic combination frequently used is ad-
vantageous. We have long recommended the
use of gentamicin at 50 μg/ml for one week af-
ter the sort. In most cases, sorted cells are pre-
cious and loss due to contamination is costly
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both in money and time and should be avoided
by taking these precautions. The effects of any
antibiotic on the sorted cells should be deter-
mined by each investigator.

Problems with Static Electrical Charge
Sort collection tubes made of polypropy-

lene are preferable. The charged environment
of the sort collection tube as it fills with sorted
cell containing droplets can cause cells to ad-
here tightly to the walls of polystyrene tubes
and the cells are difficult if not impossible to
recover. This can lead to substantial loss of
sorted cells. Alternatively, one can attempt to
inhibit the binding to polystyrene by coating
the tube with serum or other protein.

High-speed sorting provides the possibility
(depending on population frequency) for the
rapid accumulation of large numbers of sorted
cells. A potential issue with the sort collection
tubes is that of charge accumulation. When
large numbers of sorted (i.e., charged) droplets
are deposited into a collection tube, a substan-
tial static charge can accumulate within the
tube. It is large enough (although not at all
dangerous) to provide a reasonable and notice-
able shock if you discharge it through your-
self. When the charge becomes large enough,
it can actually cause sorted droplets to be re-
pelled (due to like charge repulsion) out of the
tube, resulting in lost cells. No currently pro-
duced sorter provides a means to discharge the
charge. Use of polypropylene tubes can miti-
gate the effect to some extent and this coupled
with the issue raised above about polystyrene
tubes further supports the use of polypropy-
lene tubes. If the charge issue in the sort col-
lection tube is an issue, there are a couple ways
to avoid problems. The first is to change col-
lection tubes frequently such that the tube is
only partially filled reducing the total charge
and the likelihood that cells will be repelled
out of the tube. The frequency of changing
tubes can be reduced by using larger collec-
tion tubes when possible. Another approach
that has been used is to insert a sterile (if nec-
essary) platinum wire into each sort collection
tube prior to beginning the sort. The other end
of the wire is connected to a suitable ground
point to discharge the charge from the sorted
drops before it accumulates.

Instrument Setup
Each different brand of sorter and even each

sorter of the same type will have its own id-
iosyncrasies for optimal sort performance and
the operator will need to learn these for their
particular instrument. In general, however, all

sorters operate within a fairly tight range of
specifications. The first step in preparing the
sorter is sterilizing the system prior to a ster-
ile sort. There are many variations of how
this is performed and this may vary depend-
ing on the particular fluidics system for each
type of sorter. Most current commercial sorters
have adopted relatively straightforward flu-
idics systems that are easy to sterilize (proba-
bly more properly stated as disinfected). Most
sorters have inline filters (0.22-μm or 0.45-
μm) that will remove microbiological contam-
inates from the sheath fluid relieving the need
to actually sterilize the sheath tank and sheath
fluid, providing that the filters are regularly
chemically sterilized. The most common dis-
infectants used are 10% bleach (i.e., a 1:10 di-
lution of the standard concentration of house-
hold bleach), 3% H2O2 (hydrogen peroxide),
or 70% ethanol. Operators will need to es-
tablish the chemical compatibility of the filter
and instrument components with the selected
disinfectant. Check with your instrument man-
ufacturer for recommendations.

The next step in preparing the sorter is
preparation of the sheath fluid. Beyond what
we have discussed above, the sheath fluid
needs to be free of air bubbles. Some have
recommended that a vacuum be applied to the
sheath fluid to “debubble” the fluid but this
is not usually necessary. The most frequent
place where air bubbles are introduced is leav-
ing the sheath fluid reservoir pressured for long
periods of time e.g., overnight. If the tank is
then depressurized, you will be able to see the
release of millions of tiny air bubbles from
the air that has been dissolved in the fluid.
This is especially a problem where the tank is
left pressurized overnight at 60 psi and then
the same fluid is used the following day at
a lower pressure e.g., 30 psi. In the event of
leaving a system pressurized for a long pe-
riod, it is best to discard and replace the sheath
fluid. Sheath fluid may be purchased or pre-
pared. PBS is very simple to prepare and inex-
pensive compared to commercial preparations
with no disadvantages noted, but the commer-
cial preparations do offer a significant conve-
nience. Prepared PBS for the sorters should be
filtered (by pressurization) through a 0.22-μm
cartridge filter (can be used multiple times) to
remove any particulates before being placed in
the sheath fluid tanks. This extends the life of
the in-line sheath filter substantially. Another
source of air bubbles in the system is within
the in-line sheath filter which can easily be
dislodged by gentle tapping of the filter and
bleeding off (under pressure) of the elaborated
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Table 1.24.3 General Values for Drop Drive Frequency and
Sheath Pressure for Various Commonly Used Nozzle Tip Orifice
Diameters

Nozzle diameter Sheath pressure Frequency

50 μm 60-80 psi 120-160 KHz

70 μm 45-60 psi 65-100 KHz

80 μm 35-50 psi 45-80 KHz

100 μm 16-30 psi 28-45 KHz

130 μm 10-15 psi 16-25 KHz

150 μm 6-10 psi 7-12 KHz

bubbles. Non-pleated sheath filters, which are
disposable 0.22-μm filter discs placed in a
holder, can also be used.

The fluidics system of the sorter must be
stabilized for drop formation and usually this
requires the system to operate for 30 to 60 min
prior to setting up the instrument, assuming
there are no substantial issues e.g., system
bubbles. The drop breakoff point is critical
to the sorting process as described above and
needs to be established. Operators will learn
with time the approximate settings (drop drive
amplitude and frequency) for each combina-
tion of nozzle tip diameter and sheath pres-
sure, but some general guidelines are available.
Table 1.24.3 provides some general values for
commonly used nozzle sizes.

In general, the proper drop drive frequency
will be one that provides the shortest or near
the shortest breakoff. Note the shortest drop
breakoff should be achieved with the drop
drive frequency not with the amplitude. The
amplitude—assuming it is set for the generally
correct setting—should be tweaked to provide
the best breakoff. The correct amplitude set-
ting will provide the best side streams (see
below). The quality of the drop breakoff is as-
sessed by viewing the drop camera. The last at-
tached droplet should be attached to the stream
by a straight narrow neck of fluid. Satellite
drops will form from the fluid comprising this
neck. It is necessary that the satellite droplets
fuse with a major droplet at some point from
the breakoff (see Fig. 1.24.7). If this does not
happen, the charged satellite droplets will usu-
ally contaminate the deflection plates inter-
fering with the deflection field strength and
resulting in side streams deflecting to incor-
rect positions. Theoretically, it is also best that
the satellite fuse with the drop that generated
it (i.e., the satellite should fuse to the top of
the drops). This is because any charged/sorted

satellites carry the same charge as the drop
from which they derived. While technically
correct, in practice there is little observed ef-
fect with today’s sorters even if they fuse to the
bottom of the drops. It is usually satisfactory
if the satellite droplets fuse within 5 to 8 drop
units from the breakoff. Satellite droplets fus-
ing in 4 drop units or less usually indicates an
incorrect drop drive frequency or amplitude
resulting in too short of a breakoff. A very
pointed, as opposed to long narrow fluid neck
also indicates too short of a breakoff. Once the
drop breakoff appears correct, the deflection
plates may be charged and side streams ob-
served. The amplitude (and/or frequency) may
need to be changed slightly to provide tight
side streams and, in some instruments, prop-
erly synchronize the charging electronics and
the drop formation. The latter is visualized by
the biggest deflection of the side streams. Dif-
ferent instruments have different approaches
to this and the manufacturer’s guidelines for
setting frequency and amplitude should be
followed.

At this point, the system should be op-
tically aligned if necessary using alignment
beads. This should be done before establish-
ing the drop delay as vertical movement of
the nozzle may affect the operator’s reference
point for maintaining the proper drop delay.
Different instrument manufacturers have im-
plemented different methods to establish the
proper drop delay setting. All require the use
of some brightly fluorescent particle. Some
manufacturers require the use of fluorescent
particles (e.g., FlowChecks) and the observa-
tion of sorted particles in a fluorescent micro-
scope. Sort gates are established for the parti-
cles (using either fluorescence or light scatter)
and these are directed to a single sort stream.
The system attempts to sort a defined num-
ber of particles to a sort stream and the sorted
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A B C

Figure 1.24.7 Shown are an example of a good drop breakoff (A) and a poor breakoff (B). In
panel B, the drop drive amplitude and/or frequency are set too high. The neck between the last
and second to last attached drops is too short. Compare this to the neck in panel A, which is long
and straight. Also visible in panel B is that the first satellite drop is too small and the satellite drop
fuses back with the main drops within 3 drops which is too fast. Panel C shows how the satellite
drops fuse back at drop 5 with a good breakoff. Also, note the slightly longer first satellite when
the drop breakoff is good.

particles are deposited in a puddle on a mi-
croscope slide. Several puddles are produced
by automated or manual advancement of the
slide simultaneously with automated or man-
ual increase in the drop delay in full drop in-
crements. The puddles are observed under the
microscope for the presence of fluorescent par-
ticles. The puddle containing the particles is
associated with a particular drop delay setting.
Two adjacent puddles may contain particles
indicating that the drop delay needs to change
in fractional drop units. When all the particles
are contained in a single drop (or within a very
small percentage <4%), the proper drop delay
is established and is either automatically en-

tered into the system by the computer or man-
ually set. The user should refer to the specific
documentation for their instrument for com-
plete details for their particular instrument.

Other systems use an image-based system.
Here the use of special beads that excite with
long wavelength red laser light are required.
A forward-scatter sort gate is drawn to in-
clude all the beads and sent to be deflected
to the left or right sort stream. A separate laser
illuminates the waste and side stream and the
fluorescence from the particles is viewed in a
CCD camera. An optical filter is dropped in
front of the camera to allow only the fluores-
cent light of the illuminated bead images to be
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seen. As the drop delay in increments of full
drops or tenths of a drop is changed, the op-
erator can observe a shift of the particles from
the waste stream to the side stream. When the
maximum number of fluorescent bead flashes
are seen in the side stream and a minimum are
seen in the waste, the proper delay is achieved.
Newer instruments automate this process with
image analysis.

A new system uses a similar approach but
the there is no need to observe the side streams.
The main stream is illuminated with a laser at
the drop breakoff point of the stream. This
laser flashes on and off at the input drop delay
(i.e., comes on x drop delay units after the par-
ticle is observed in the main laser) and the po-
sition of the fluorescent particles is observed.
The system will either operate manually or
automatically. The drop delay is changed and
the position of the fluorescent particles will
change. The proper drop delay (actually the
drop delay minus 1 drop unit) occurs when
the majority of the particles are in the first
detached drop (i.e., the minus 1 drop delay
puts it back to the last attached drop). Frac-
tional drop delay units are then input to make
all particles appear in the same drop. The au-
tomatic system calculates the fractional drop
delay setting for the user.

Once the drop delay is established, the drop
breakoff point can be maintained either man-
ually or automatically. The automatic systems
rely on image analysis of the image from the
breakoff camera and feedback loops. Thus, a
high-quality image is required. To obtain this
image quality may require adjustment of the
camera (e.g., focus) or the illumination of the
stream. These adjustments may be performed
by the operator or by the company service rep-
resentatives. Manual adjustment is made by
reference to the drop breakoff image by, for
example, drawing a reference line on the im-
age monitor at the edge or middle of the last
attached drop. The drop breakoff may change
due to a loss of efficiency in coupling the
acoustic energy from the piezoelectric crys-
tal to the fluid stream or in other ways, e.g., a
change in the temperature of the fluid. Also,
the position of the drop breakoff may change
due to a change in the stream velocity, e.g.,
associated with a drift in the sheath pressure.
This can occur during long sorts when the level
of the sheath fluid in the sheath tank decreases,
decreasing the effective head pressure compo-
nent of the sheath fluid pressure. In the for-
mer two cases, the image change noted will

be a drift to where the last attached drop ei-
ther begins to become detached or the length
of the first satellite drop begins to increase to-
wards connecting the last attached drop and
the first detached drop. In both of these cases,
the drop drive amplitude should be decreased
or increased, respectively. If the total length of
the stream drifts—observable by a change in
the position of the last attached drop relative to
the reference line on the monitor—the ampli-
tude should not be adjusted. See Figure 1.24.8.

Multiple Sort Streams
The ability to sort, at high speeds, more

than one population of cells has enormous im-
pact on sorting productivity. This reduces not
only the time required, but also the amount
of sample needed. All instruments currently
in production permit the simultaneous sort-
ing of up to 4 populations and a new sorter
in development is reported to be able to sort
6 populations (see Fig. 1.24.2). The sorting
of 4 populations is implemented by provid-
ing two stream charging amplitudes in each
direction—positive and negative. The primary
issue in multi-stream sorting is in providing
the necessary stream separation to direct each
stream into a suitable-sized collection vessel.
The stream separation issue has required the
redesign of the deflection plates to “shape” the
charge, as well as increasing the amplitude of
the stream charge and the voltage applied to the
deflection plates and developing electronics
that can better apply the charge to the stream
to ensure a full charge is applied. The applica-
tion of the phase mask (or single mode—see
below) can improve side stream integrity when
necessary. By restricting the sorting to drops
where the cell is in the middle part of the drop,
drop size variation due to cell perturbation of
the breakoff is reduced. However, this mode
will result in a higher frequency of sorting
aborts and, thus, loss of wanted cells. Multiple
stream deflection requires that all components
of the sorting process be optimized. The rela-
tive closeness of the streams requires that side
streams have little fanning. This requires the
operator to optimally synchronize the charg-
ing electronics with the droplet breakoff. The
drop drive amplitude must also be properly ad-
justed and maintained. Satellite droplets must

fuse with the main droplets or the deflection
plates will wet. The nozzle tip diameter and
the cell size/shape must be coordinated so that
droplet formation is perturbed as little as pos-
sible. Cell debris must also be minimized.
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Figure 1.24.8 Shown here are photographic images from the drop breakoff camera demonstrat-
ing the drop breakoff changing over time and how to adjust to return to a good breakoff. The
horizontal line is a reference point on the monitor. Panel A shows a good starting breakoff. Panel
B shows that the breakoff is creeping shorter and the desired last attached drop (in panel A) is
now separating from the neck. Panel C shows how the breakoff is beginning to creep longer as
demonstrated by the lengthening of the first satellite drop, as well as the last attached drop. The
reference line on the camera monitor shows that although the drop breakoff is changing, the length
from the nozzle has not changed. The breakoff change represented by the images in panels B
and C should be corrected by decreasing or increasing the drop drive amplitude, respectively.
Panels D and E show the effect of increasing and decreasing stream velocity, respectively. While
the breakoff pattern looks the same as in panel A, the position of the last attached drop has moved
down or up from the reference line. These types of changes should not be corrected by changing
the drop drive amplitude.

Sort Strategies
The overall strategy one takes for a particu-

lar sort depends on the intended outcome. The
sorting of relatively rare cells is an example.
If relatively large numbers of these cells are
needed, one must process very large numbers
of starting cells. A single pass flow sorting ap-
proach to this to give high purity will likely
mean very long sort times to process the large
number at speeds that permit relatively high
purity. Pre-enrichment strategies can be em-
ployed. These can involve non-flow cytomet-
ric sorting approaches (e.g., magnetic separa-
tion) or flow cytometric sorting approaches.
Depending on the application, approaches us-
ing, for example, magnetic sorting are often
best done by a negative selection strategy. If
there is a need for sorting on multiple markers
simultaneously, these approaches may not be
the best. One must always evaluate the cost and
yield of these processes to determine which is
best for a particular application. The flow cy-

tometric approach to this problem is to first do
a very high-speed enrichment sort followed
by a slower speed, high purity sort. The speed
of the enrich sort will be determined primar-
ily by the type of cells (in the whole sample
not just the desired cell type) being sorted. For
lymphocytes, these pre-enrichment sorts could
be done in the 30,000 to 70,000 cells per sec
range. The intent of the enrichment sort is to
sort every desired cell and increase the purity,
but recognizing that the purity will be substan-
tially below that acceptable. The sorted cells
from the enrichment sort are concentrated (by
centrifugation), and then put back on the sorter
and further processed using a much slower
speed purity sort. If two sorters are available,
as pre-enriched cells accumulate these can pe-
riodically be transferred to the second sorter to
begin the purity sort further reducing the time
required to complete the total sort.

A second strategy, which works to increase
the purity of the rare sort populations is to stain
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all cells with some marker and then include
both inclusive and exclusive gating strategies.
For example, when looking for very minor
subpopulations, which can only be identified
with one or a few markers, some of which
may also be expressed on other cells of non-
interest, it is helpful to include some markers
that would stain the cells of non-interest and
gate these cells out prior to establishing in-
clusive gates. This not only makes it easier to
identify the cells of interest, but by providing
more criteria from which to sort this will nat-
urally improve the purity of the sort. This can
easily be achieved with only one fluorescent
channel usually referred to as a “dump” chan-
nel since everything that is not your population
of interest will be excluded by positive stain-
ing in this channel (i.e., only the negative cells
will be included in the sort gating strategy). A
viability dye, as well as antibodies to identify
the cells of non-interest, can all be identified
with fluorochromes that emit in the same chan-
nel. To simplify the antibody staining even
further, antibodies can all be conjugated to bi-
otin and then one fluorochrome conjugated to
streptavidin can be used to identify all of their

staining. It is imperative that the compensation
control contain the same combination used in
the dump channel.

Sorting on only a single fluorescent chan-
nel, such as sorting for the expression of a
single fluorescent protein (e.g., GFP), can also
present challenges and requires specific strate-
gies to obtain good results. In this case, it can
be helpful to use a second parameter, as op-
posed to a histogram, to identify the positive
cells, unless the populations are completely re-
solvable. For instance, using side scatter as a
second dimension for plotting the single fluo-
rescence parameter can be helpful in resolving
a dim population, which shows no resolution
on a histogram. Another strategy that is partic-
ularly useful for fluorescence that falls in the
range of autofluorescence (usually the lower
wavelengths) such as GFP, FITC, PE, or YFP,
is to use a second “empty” channel that is clos-
est in wavelength and compensate out the true
fluorescence from the autofluorescence chan-
nel (Roederer and Murphy, 1986; Alberti et al.,
1987). This will help to avoid contribution of
autofluorescent negative cells within the sort
gate (see Fig. 1.24.9). This strategy works best
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Figure 1.24.9 The data plots shown illustrate the utility of adding an autofluorescence param-
eter to resolve negatives and dim positives. In this case, the cells were single-color stained with
two FITC-labeled antibodies (CD29 or CD105) (or isotype control) and plotted vs. FL2 which
was autofluorescence only. The fluorescein spillover into FL2 was compensated. The left two
plots show the isotype control and the gates that were set by visualizing this “negative” con-
trol sample. If the data had been visualized using just a single-parameter histogram (bottom
row), it is difficult to tell where the positives separate from the negatives. The percent positives
are grossly underestimated by the simplistic method using the single parameter plots. The two-
parameter plots easily provide resolution of the positives. For the color version of this figure go to
http://www.currentprotocols.com/protocol/cy0124.
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for cells with high levels of autofluorescence
(cultured cell lines, macrophages, fibroblast,
highly granulated cells, etc.) and is not as use-
ful with relatively non-autofluorescent cells
such as lymphocytes. The second most im-
portant thing in this situation is to eliminate
aggregates with a doublet discriminator (i.e.,
either area vs. width, or area vs. height), as a
negative cell stuck to a positive cell of inter-
est may cause a cell to be sorted as a cell of
interest and decrease the purity of the sorted
population.

When samples contain debris (especially
significant amounts), the operator must make
a decision about how to deal with the debris. If
the trigger channel threshold is set low enough
to detect the debris, the debris events, when
they contaminate a desired sort event, will
cause that sort event to be aborted leading, in
the case of substantial amounts of debris, to a
substantial loss of cells that should have been
sorted. The operator may choose, instead, to
set the trigger channel threshold high enough
to threshold out all or much of the debris. This
will preserve the capture of the cells to be
sorted, but will lead to a contamination of the
sorted cells with debris. If the debris will not
cause a problem for the subsequent use of the
cells, it will not matter. The best solution, of
course, is to remove the debris from the sample
prior to the sort.

Avoiding Contamination between
Samples

When multiple samples are sorted sequen-
tially, one must consider the issue of cross-
sample contamination. This is especially im-
portant when the sorted cells will be put back
into long-term culture or used for PCR analysis
as any contaminant will be exponentially (log
base 2) expanded. This may be emphasized
even more when cells are re-cultured, as some
sorted populations may have a growth disad-
vantage compared to the contaminant cells.
Two approaches are possible. One is to com-
pletely change out, between samples, the en-
tire sorter components that contact the sam-
ple. This would include all the sample line
tubing and the nozzle body and tip. On all
the sorters currently in production this is ei-
ther not possible, difficult and time consum-
ing, and although possible on one commer-
cial instrument is expensive. Most sites will
not adopt this strategy. The other is to try to
clean between samples. This is possible to
do and we have done many sequential sorts

where we could determine if a contamination
had occurred and have never had one by us-
ing the cleaning method we have developed.
However, one must always be aware that such
cross-contamination could occur and warn in-
vestigators that they should check, if possi-
ble, to determine if cross-contamination has
occurred. In circumstances where the nature
of the cells precludes this determination, ex-
traordinary measures need to be used to try
to avoid the problem. The lower the cell den-
sity of the samples, the lower the probability
of cross-contamination occurring. In addition,
the operator should evaluate the sample path
and remove, when possible, any components
(e.g., valves or other tubing fittings) where
cells could hang up and persist. Following the
completion of a sample, the sample line is ex-
tensively back-flushed—e.g., 3 to 5 min. A
chemical sterilant is then put on as a sample,
the sample is boosted for 30 sec, and the chem-
ical flushed through the line at the regular sam-
ple pressure for 5 min. We have typically used
Exspor, a chlorine-based sterilant (no longer
available), or 10% bleach (i.e., 0.525% to 0.6%
chlorine based on standard bleach concentra-
tions). The chemical sterilant volume should
be sufficient to immerse the sample probe in
the sterilant at least as far up the probe as the
probe contacted the cell sample and should be
more to eliminate any sample that splattered
higher. Following the chemical sterilant, the
sample line is again back-flushed for 3 min to
remove the chemical. Attention must be paid to
wash the external surface of the sample probe
as the back-flushing only washes the internal
surface. Lastly, the probe is flushed with ster-
ile distilled water for 3 to 5 min (following a
short boost).

Re-analysis of Sorted Samples
It is best if all sorted samples are re-

analyzed to confirm that the sort produced
the desired result. This should be requested
by the investigators as a part of doing good
science but is also necessary for the core fa-
cility to track performance issues. This is es-
pecially important in a large multi-user core
facility where many types of samples are used.
This allows for adjustment of procedures to ac-
commodate different requirements for differ-
ent cell types and applications. For investiga-
tors who sort the same sample types repeatedly
and have good experience, this is probably less
important but does not guarantee that the re-
sults from any given sort were satisfactory.
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Sorting of Small Numbers of Cells
(Cloning)

High-speed sorting is a particularly good
process for isolating very small numbers of
cells and placing a defined number of cells (as
few as one cell) into small receptacles e.g., tis-
sue culture cluster wells and PCR tubes. All in-
struments currently in production support this
application and can deposit cells into wells of
plates containing from 6 to 384 wells (some
will also do 1024-well plates). Cells may also
be deposited onto other surfaces e.g., slides, or
nylon membranes. The setup of the instrument
can become critical especially when small di-
ameter wells in plates with more than 96 wells
are used as the target area to deposit the cells.
When performing cloning, only a single pop-
ulation can be sorted at one time. So, if mul-
tiple populations from a sample are required,
multiple suitably sized aliquots of the sam-
ple will be needed for each population to be
sorted. The instrument configuration that pro-
vides the most precise position targeting of the
sorted cell is one in which the trajectory of the
sorted cell is straight rather than deflected as is
done in normal sorting. In this configuration,
the waste stream is deflected requiring repo-
sitioning of the waste catch tube, as opposed
to normal sorting where the sorted drops are
deflected at some angle away from the cen-
tral waste stream. In this approach to cloning,
the drops containing the desired cells are not
charged and they follow a straight down tra-
jectory. This prevents the cells from hitting
the sides of targets that have a small cross-
sectional area and are relatively deep (e.g.,
384-well plate wells). Not all instruments in
use provide this capability or have the ability
to allow the user to modify the system to do
this. Instruments using the deflection approach
may be less efficient at having one cell actu-
ally deposited in every well for at least certain
plate configurations.

When targeting wells, particular attention
must be paid to the alignment of the plate wells
with the sorted stream. Small misalignment
may result in some number of cells not being
deposited in the wells. This is especially im-
portant as the cross-sectional area of the target
well becomes increasingly smaller. It is also
important to consider the cross-sectional area
of the fluid in the well. If the well is a ta-
pered well, as most PCR tubes are, then place-
ment of small volumes of fluid (typically 4 to
10 μl) in the tapered bottom of the well pro-
vides a much smaller target than simply con-
sidering the cross-sectional area of the top of

the well. The instrument hardware configura-
tion and software should provide an easy way
to visualize the location of targeting droplets
and provide fine adjustment of the plate po-
sition. The stability of the plate support and
movement systems must be excellent.

As discussed above, the sort mode used
when depositing a precise number of cells
must be the “single” sort mode. This mode en-
sures that only a single cell will be deposited
with each sort drop even if the drop contains
two wanted cells. Some instruments also in-
clude the ability to abort the sort even when
the drop contains only 1 cell based on where
in the drop the electronics expects the cell to
occur. When cells occur in the central portion
of the sorted drop, they are most likely to ac-
tually be in that drop and be recovered. When
cells are at the edges of drops, there is a proba-
bility that the cell may actually partition to the
neighboring drops and not make it to the sort
target.

When sorting cells into culture plate wells
where the intention is to grow out the cells,
particular attention should, of course, be paid
to cell viability. An important consideration
in this regard can be the pH of the me-
dia placed in the well. As discussed above,
small volumes of CO2-carbonate buffered me-
dia will quickly become very alkaline out-
side of a CO2-incubator. The media should be
buffered with a strong non-CO2-based buffer
e.g., HEPES. In addition, as discussed above,
antibiotics, which includes a broad-spectrum
antibiotic, e.g., gentamicin, should be added to
the media to combat bacterial contamination.

SAFETY

Laser Safety
As most high-speed cell sorters use lasers

with relatively high laser powers, the potential
for laser related injuries, particularly to the eye
and skin, exists. The potential for injury varies
with both the power and wavelength of the
laser beam. For reference, the maximum safe
power for a laser pointer is 5 mW. Most instru-
ment manufacturers fully enclose the lasers
during routine use to minimize the exposure
and have safety interlocks in place that are in-
tended to shut off the lasers when protective
covers are removed. However, certain routine
procedures, such as laser alignments, may re-
quire the defeat of such interlocks. It is impor-
tant that all operators familiarize themselves
with the potential hazards and risks of work-
ing with such lasers and employ recommended



Flow Cytometry
Instrumentation

1.24.29

Current Protocols in Cytometry Supplement 51

safety procedures, such as labeling lasers with
specific warnings, and wearing laser safety
goggles when operating lasers to minimize the
potential of exposure and biological damage.
Operators should refer to published standards
of laser safety such as ANSI Z136 in the U.S.
(http://www.z136.org) and IEC 60825 interna-
tionally (http://www.iec.ch/).

Electrical Safety
In addition to the ionizing radiation effects

of lasers, there also are the potential risks as-
sociated with many high-voltage exposures on
high-speed cell sorters. On instruments with
larger, higher powered lasers in the 1- to 2-W
range, large high-powered power supplies are
used which may pose lethal electrical hazards.
Appropriately licensed personnel should in-
stall proper power sources. Of additional con-
cern are potentially dangerous high voltage
and current levels that may exist in many of
the components of the electrical system in-
cluding printed circuit boards. Large volt po-
tentials exist across the deflection plates when
turned on and serious electrical shock can oc-
cur if touched during operation. The operator
is cautioned to pay close attention to both the
indicator lights and software indication of the
status of the deflection plate charging. Another
source of potential exposure to voltage is the
stream charging wire and nozzle. Operation of
a high-speed cell sorter requires careful atten-
tion to the interactions with the system and
total awareness of potential exposure to elec-
trical shock.

Biosafety
Sorting of unfixed cells can present nu-

merous sources of potential biohazardous ex-
posure. Sample handling, aerosol generation,
equipment maintenance, and waste manage-
ment all pose potential risk. Samples, as well
as sheath fluid, are under conditions of high
pressure and, hence, can be a source of acci-
dental exposure. Although the newer genera-
tion of cell sorters has gone to a design of sam-
ple containment within a closed unit, some of
the older cell sorters that operate under con-
ditions of high pressure are not equipped in
this manner and the operator may be at risk
if the sample tube blows off causing a splash.
High-speed cell sorters are also known to pro-
duce a significant amount of aerosols through
the formation of the droplets to be sorted.
It is widely accepted that a major source of
laboratory-acquired infection is through the
generation of aerosols (Biosafety in Micro-

biological and Biomedical Laboratories, 5th
Edition, http://www.bmbl.od.nih.gov/). Infec-
tious aerosols are of particular concern, as they
are dispersions of droplets that contain parti-
cles capable of causing infection (viruses, mi-
crobial agents, fungi, etc.). This hazard ex-
ists in jet-in-air instruments, as well as in
instruments that combine a flow cell and jet-
in-air sorting. Under normal operating condi-
tions, high-speed cell sorters produce droplets
in the range of 40 to 200 μm depending on
pressure and drive frequency (Kevin Holmes
ISAC Biosafety Workshop http://www.isac-
net.org/content/view/743/46/) with satellite
droplets in the range of 3 to 7 μm (Schmid
et al., 2007). The larger droplets generally
settle pretty quickly and do not pose a great
level of risk. However, during sorting failure
modes, where a nozzle may become clogged
and the sort and waste streams may deflect
away from the receptacle, impact on hard sur-
faces, and generate fine mists of droplets un-
der conditions of high pressures, droplets of
various undefined sizes can occur (Schmid
et al., 2007). Recent studies have characterized
these as being 0.5 to 20 μm, with the major-
ity being between 1 to 5 μm (Kevin Holmes
ISAC Biosafety Workshop http://www.isac-
net.org/content/view/743/46/). This droplet
size coincides with the known size range of
particle absorption within the respiratory tract.
(Schmid et al., 2007). As a result, it is imper-
ative that efforts are made to minimize the
exposure of the operator to these aerosols by
active measures of aerosol containment within
the instrument. Most manufacturers of cur-
rent equipment provide some form of aerosol
management, whether it be through the use
of specific aerosol containment devices that
are part of the instrument or by containing
the entire instrument within a rated biosafety
cabinet. The cabinets can be either Class I
(only the operator is protected, the sample may
be exposed to non-sterile airflow) or Class II
(both the operator and the sample are pro-
tected by HEPA-filtered air) devices. Since
none of these engineering devices can offer
100% protection from exposure to aerosols, it
is advisable to supplement them with Personal
Protective Equipment (PPE) such as Powered
Air Purifying Respirators (PAPR) (Perfetto
et al., 2003). Detailed evaluation and proce-
dures for dealing with these biohazard risks
can be found in multiple publications (Schmid
et al., 1997, 2007; Oberyszyn and Robertson,
2001; Perfetto et al., 2003, 2004; Lennartz
et al., 2005), as well as in UNITS 3.3, 3.5, & 3.6.
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