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Abstract Micron-sized particles have primarily been used
in microfabricated flow cytometers for calibration purposes
and proof-of-concept experiments. With increasing frequen-
cy, microparticles are serving as a platform for assays
measured in these small analytical devices. Light scattering
has been used to measure the agglomeration of antibody-
coated particles in the presence of an antigen. Impedance
detection is another technology being integrated into
microflow cytometers for microparticle-based assays. Fluo-
rescence is the most popular detection method in flow
cytometry, enabling highly sensitive multiplexed assays.
Finally, magnetic particles have also been used to measure
antigen levels using a magnetophoretic micro-device. We
review the progress of microparticle-based assays in micro-
flow cytometry in terms of the advantages and limitations
of each approach.
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Introduction

As conventional flow cytometers with advanced capabili-
ties mature as large, powerful laboratory systems for
obtaining highly complex information, a new generation

of “personal flow cytometers” has evolved. These bench-
top, user-friendly cytometers focus on specific functions [1,
2] and include less flexible laser selection [3–5], less
sensitive detectors [4], and/or elimination of sheath fluid
[3]. These smaller systems can often accomplish most
popular tasks, for example cell counting, measurement of
cell viability, antibody quantitation, or detection of cell
death. The Luminex family of cytometers, in particular, has
advanced the use of microparticle-based assays to provide
multiplexed analytical capability while keeping the optics
relatively simple. With developments in microfabrication
and microfluidics, for example chip design optimization
and reduction of component size, developers are miniatur-
izing current cytometers even further to create systems for
point-of-use applications, and some of these systems will
continue to employ particle-based assays [6].

Currently, three companies specialize in flow cytometers
that are designed specifically for particle-based assays:
Luminex Corporation, Becton–Dickinson, and DiaSorin
[2]. Commercially-available particles with various func-
tionalized surfaces are also available from many sources
(for example Bangs Laboratories, BD Biosciences, Invi-
trogen, Luminex Corporation, Sigma–Aldrich, or Sphero-
tech) for use in calibration or assays. Microparticles are
synthesized from a variety of materials, for example
polystyrene (PS) or poly(methyl methacrylate) (PMMA),
and are supplied with surface groups, for example carbox-
yls and amines, that can be readily modified for attachment
of recognition molecules [7]. Particles can be purchased
with diameters from tens of nanometers to hundreds of
microns. For fluorescence measurements, microspheres
with dyes doped within or attached to the surface are
available in a wide range of colors.

Microparticle-based assays often rely upon antibodies as
capture molecules on the surface of the microparticle.
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Although other types of capture molecule can be used, the
high specificity and affinity of antibodies in the presence of
complex sample matrices has made them a reagent of choice.
In 1977, Horan and Wheeless published a manuscript in
Science detailing the first microsphere-based immunoassays
[9]. Since that time, others have followed with technology
of increasing sophistication for microparticle-based assays
interrogated using flow cytometry [2]. Capture antibodies
are generally immobilized on to the microparticle surface
using available reactive groups, for example amines,
hydroxyls or thiols, but carboxyls are the most frequently
used [7]. Carboxyl functionalization followed by exposure
to ethyldimethylaminopropylcarbodiimide and N-hydroxysuc-
cinimide provides a mild procedure for antibody attachment
to the microparticle surface. The attached antibody captures
antigen from a sample on to the surface of the microsphere.
The signal can then be generated as an aggregation event
measured using light scattering or electrical or magnetic
properties. More frequently, a fluorescent tracer is included
in the particle-capture antibody–antigen complex, and
fluorescence is measured.

Light scattering in microflow cytometers

Light scattering is a staple phenomenon for detecting and
characterizing particles in modern flow cytometry. A light
beam directed at a particle can interact through reflective,
refractive, and diffractive effects. Then, information about a
particle or aggregate of particles can be derived from the
change of direction and intensity of a scattered light beam.
Collecting scattered light at various angles from the
incident beam has been reported to provide different
types of information about the particle, including both
size and density [9]. The diameter of the particle should
fall into the range of 1–50 wavelengths of the incident light
beam.

Typically, forward-scattered light (0.5–5° from the
incident beam) can provide approximate information about
the size of a particle [10]. It should, however, be noted that
an increase in the intensity of forward-scattered light does
not always correlate with increasing particle size. Side-
scattered light (15–150° from the incident beam) is often
collected at 90° and provides information about smaller
particles and structures within particles. Proportionally
more light is scattered by small particles or internal
structures at a wide angle than at a small angle, and thus
side-scattered light can provide information about the
relative roughness (or shape) of a larger particle surface
and the granularity of its internal structures. Measuring
side-scattered light and forward-scattered light has become
a standard in flow cytometry for biomedical research,
because this behavior enables cells to be distinguished by

size and granularity, providing insight into mixed popula-
tions, viability, or changes in internal structures.

Using the information derived from scattered light at
different angles, particles can be classified and studied.
Shvalov et al. used light-scattering data from a scanning
flow cytometer to distinguish lymphocytes, erythrocytes,
polystyrene particles, and milk-fat particles of various size
and refractive index [9]. These cells and particles generated
different scattered-light profiles dependent on scattering
angle. Steen custom-built a flow cytometer to characterize
viruses of different size by light scattering [11]. This device
could easily distinguish particles with diameters in the
range 70–300 nm [12].

In the 1980s, Masson and coworkers presented a strong
body of work describing particle-counting agglutination
immunoassays (PACIA) [13–16]. Initially, PACIA was
publicized as a replacement for expensive assays utilizing
radioactive labels for characterization of antigen and
antibody interactions. In these assays, polystyrene particles
coated with antigens were incubated with antibodies to
cause agglutination or aggregation of the particles. Key
aspects of this assay were:

1. use of an antibody with multivalent binding sites to
enable particle–particle interaction;

2. determination of particle concentrations that would
allow aggregation; and

3. prevention of non specific interactions between
particles.

The samples before and after agglutination were mea-
sured in an optical particle counter based on light
scattering. Aggregated particles were larger in size than
unaggregated particles and resulted in more side-scattered
light.

In 2003, Pamme, Koyama, and Manz described a
microfluidic device that used light scattering to analyze
agglutination immunoassays (Fig. 1) [17]. The device used
was fabricated in poly(methyl methacrylate) (PMMA) and
used a design that focused particles in two dimensions into
an optical interrogation region. The scattered laser light was
collected at 15° and 45° to the incident beam. Particles
ranging from 2 to 9 μm in diameter were distinguished in
this system, which is significantly larger than the 70–
300 nm range reported previously [12]. Using this system,
an agglutination immunoassay for C-reactive protein was
performed. Scattered-light intensity was plotted against C-
reactive protein concentration to show that higher protein
concentration resulted in scattered light of greater intensity.
The authors allude to other antigen–antibody pairs that can
be characterized by this particle-based assay in a micro-
fabricated flow cytometer.

Light scattering is a well-studied detection method with
many advantages to developers of microflow cytometry
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assays. Using just a beam of light of suitable wavelength
(relative to the particle) and detectors at various angles,
information regarding size, shape, and granularity of a
particle are easily derived. Additionally, scattered light
signals tend to be strong and do not need the most
advanced or expensive detectors. Yet, distinguishing par-
ticles differing in diameters of a few microns can be
challenging, and thus agglutination assays usually have
limited sensitivity. Light scattering also lacks the specific-
ity, sensitivity, and multiplex capability of the fluorescence
detection that is enabled by an ever increasing number of
fluorophore/antibody combinations.

Electrical detection in microflow cytometers

Electrical detection was the first particle-detection method
used in flow cytometry [10]. Based on the work of Wallace
Coulter [18], the Coulter principle demonstrates that
electrical charge can be used to detect, size, and count
particles in solution. The Coulter counter was subsequently
developed, and detects changes in conductance, when
particles or cells (generally non-conductive), pass through
a conductive microchannel between two electrodes. This
breakthrough led to the development of automated hema-
tology and laid the foundation for the Coulter blood count
or the complete blood count (CBC) medical diagnostic test
[19, 20].

Advances in microfabrication methods have drawn many
research groups to develop Coulter counters on chip-based
platforms. The first examples used direct current (DC) or
low-frequency alternating current (AC) [21, 22]. Later,
microdevices using more sophisticated AC designs were
developed to measure electrochemical impedance spectra of
particles [23]. Microfabricated cytometers could also
measure impedance at high (10 MHz) and low (0.5 MHz)
frequencies to distinguish mixed particle populations [24,
25]. In this work and studies that followed [24–27], single-
shell [28] and double-shell [29] particle models were used
to distinguish particles, cells without nuclei, and cells with
nuclei.

Holmes et al. has demonstrated a microfabricated flow
cytometer for rapid analysis of microspheres using imped-
ance for particle detection (Fig. 2) [30]. The device uses an
elegant combination of electrical impedance and fluores-
cence detection to analyze immunoassays on the surface of
microspheres. Dielectrophoresis was used to focus particles
into an interrogation region on the chip. Impedance was
then used to size particles and trigger the acquisition of
fluorescence data within the optical interrogation region
immediately downstream of the impedance interrogation
region. Fluorescence was ultimately used as the reporter for
the immunoassays because of its sensitivity and the ability

Fig. 1 (a) Schematic diagram of a microflow cytometer used for
agglutination particle-based immunoassays using light-scattering
detection. (b) Photograph of the experimental device, showing the
microfabricated cytometer chip, and the stage used to align the optical
fibers at 15° and 45° to the incident He–Ne laser beam. (c) Dot plot of
15° scattering intensity and 45° scattering intensity obtained from a
mixture of microparticles of different sizes. Reproduced with
permission from the Royal Society of Chemistry [17]
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to use selective fluorescent tracers of different wavelengths
to distinguish multiple target populations.

Although optical detection methods (light scattering and
fluorescence) have emerged as the standard for flow
cytometry, electrical methods have advantages that maintain
relevance in cytometer technology. Electrical detection
necessitates smaller, less expensive equipment compared with
fluorescence-based flow cytometers. Additionally, impedance
measurements do not require labels, for example fluorescent
antibodies. Fluorescent markers increase the time and cost of
sample preparation. Thus, in the analysis of microparticles by
microfabricated devices, electrical detection has a place
because of potential benefits in portability, cost, and time.
The limitations of electrical methods include limited capacity
for multiplex analyses and possible changes in signal because
of sample matrix components.

Fluorescence detection in microflow cytometers

With the popularity of fluorescence in conventional flow
cytometry, microfabricated flow cytometers with fluorescence

detection capabilities have also become a common target for
most research groups developing microflow cytometers [6].
Small lasers and filter sets are available for use with a range
of fluorescence dyes and can thus be used to interrogate
coded microspheres, facilitating multiplexed assays. Many
fluorescent tracers, in the form of small molecules, proteins,
and nanoparticles, enable sensitive quantification of antigen
bound to the coded microspheres. Since 1985, particles have
been attached to small molecules in single-target assays to
make them detectable using flow cytometry [10]. Fulton et
al. demonstrated the multiplexing capabilities of FlowMetrix
microspheres, which incorporate different amounts of two
fluorescent dyes (emitting at 585 nm and >650 nm) into
5.5-μm polystyrene microspheres, to distinguish as many as
64 distinct analytes (Fig. 3) [31]. Luminex Corporation has
since advanced this technology to fabricate 200-microsphere
sets distinguishable on its proprietary benchtop flow cytom-
eter. Carson and Vignali used the coded microspheres to
analyze 15 different cytokines in a single assay, including
members of the interleukin family, tumor necrosis factor-
alpha, tumor growth factor-beta 1, and interferon-gamma
[32]; a plethora of similar multiplexed analyses, using a

Fig. 2 (a) Schematic diagram
of the impedance interrogation
region of a microflow cytometer
using electrical detection. Two
pairs of parallel electrodes are at
the top and bottom of the
microchannel. As a particle
passes through the interrogation
region, the electrode pairs
perform a differential measure-
ment of the particle, taking the
difference between the detection
and reference volumes. (b)
Schematic diagram showing the
impedance-based microflow
cytometer of Sun et al., which
includes dielectrophoretic parti-
cle focusing, electrical detection,
and dielectrophoretic sorting.
Reproduced with permission
from the Royal Society of
Chemistry [30]
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variety of recognition molecules, were reported in the
following decade.

In 1999, Fu et al. reported an early microflow cytometer
that detected particles (specifically green fluorescent
protein-expressing bacteria) using fluorescence [33]. But
this system did not make use of the fluid focusing usually
essential in flow cytometry. Beyond reducing clogs and
debris accumulation on the channel surface, fluid focusing
is important for reproducible interrogation of single
particles. Microflow cytometers with dielectrophoretic
focusing have been shown to detect microparticles by
laser-induced fluorescence using optical fibers [34] and
microscope objectives [35]. Hydrodynamic focusing was

used by Simonnet and Groisman to detect particles with an
accuracy for fluorescence detection comparable with that
obtained using a commercial BD FACScalibur system [36].

Our group at the Naval Research Laboratory has
developed a microparticle-assay platform to measure
bacteria and toxins in a microfabricated flow cytometer
using hydrodynamic focusing to align the particles one-by-
one in the interrogation region [37, 38]. Capture antibodies
were immobilized on the surface of fluorescently coded
microparticles of uniform size. These particle sets were
mixed together to perform multiplexed assays. A mixture of
biotinylated tracer antibodies was added to the micro-
particles after exposure to the sample containing antigen.

Fig. 3 Multiplexed cytokine
analysis using FlowMetrix
microparticles in a flow cytom-
eter. (a) A schematic represen-
tation of the reagents used in the
FlowMetrix sandwich immuno-
assay. A key point is the
color-coded fluorescence of the
particles, because the 488 nm
excitation beam causes the
emission of 580 nm and 660 nm
light as well as the 519 nm light
resulting from the Alexa488
tracer. (b) FL2 (580 nm) and
FL3 (660 nm) emission are
plotted against each other to
show microsphere set identifi-
cation, which was coupled to
cytokine assays for multiplex-
ing. (c) Comparison of single
FlowMetrix assays, multiplexed
FlowMetrix assays, and ELISA
data for cytokine analysis.
Reproduced with permission
from Elsevier [31]
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Streptavidin-phycoerythrin was added to the particles
before measurement within the microflow cytometer.

The previously reported device design can be seen in
Fig. 4. Chevron-shaped grooves altered the path of the
sheath fluid to completely surround and focus the sample
stream in front of two laser beams. Excitation from green
and red lasers was delivered using optical fibers; additional
fibers collected the scattered light signals and three colors of
fluorescence. The collected data were processed to identify
microsphere sets, calculate the associated phycoerythryin
fluorescence, and create dose–response curves for each
antigen tested. The sensitivity of detection of six bacteria
and toxins in a multiplexed assay was comparable with that
of the benchtop Luminex system using the same reagents.

Fluorescence measurements are particularly good for multi-
plexed analyses using coded beads and for distinguishing
signal from background. Measurements can be quantitative and
quite sensitive. Advances in chemistry and biotechnology have
led to the emergence of bright and easily conjugated organic
molecules, proteins, and inorganic nanoparticles. These lumi-
nescent tags are easily attached by covalent bonds or biotin–
avidin interactions to a vast and quickly evolving choice of
affinity molecules, primarily antibodies. Yet, the primary
limitation of the use of fluorescence is also the requirement
for a fluorescent dye or dye-labeled affinity tag, which
increases the number of sample preparation steps and time.

Magnetic beads for target localization and detection

The use of magnetic force to induce migration, or magneto-
phoresis, has been explored as a method to separate and

analyze particles and cells [39, 40]. Manipulations by
magnetophoresis of latex particles [41] or red blood cells
[42] in paramagnetic, metal-ion media are examples of
proof-of-concept demonstrations toward biological assays.
While promising, the fledgling technology usually requires
low flow rates to demonstrate adequate migration for
analysis because the magnetic force exerted on the
bioparticles is relatively weak. The method also requires
the use of paramagnetic ionic solutions, for example
MnCl2, that are not often used in biological assays and
thus can result in unexpected interference or interactions.

Because of their ease of synthesis and surface manipu-
lation [43, 44], magnetic nanoparticles have become
popular, and magnetophoresis has started to gain further
relevance as an analytical technique. Particles and cells can
be labeled with superparamagnetic nanoparticles to further
increase the response to a magnetic field [45]. The increase
in magnetism of the labeled particle renders the need for the
metal-ion media obsolete. Wilhelm et al. have published a
wide breadth of work on cellular internalization of magnetic
nanoparticles and the resulting magnetophoresis [46–51].

Pamme and Manz explored magnetophoresis of particles
and particle aggregates in flow on a microfluidic chip for
separation purposes [52]. Superparamagnetic particles of
different size and magnetic susceptibility in laminar flow
were separated by a perpendicular magnetic field. The
magnetophoretic device controlled particle movement and
separation using the strength and gradient of the magnetic
field, and the flow rate. Particles of larger size and magnetic
susceptibility were deflected to a greater extent than smaller
particles with less magnetic susceptibility, and nonmagnetic
latex particles were not deflected. Aggregates of super-

Fig. 4 A system layout scheme for a microflow cytometer based on
use of optical (light scattering and fluorescence) detection to detect
bacteria and toxins. Optical fibers were placed in the channel’s
interrogation region to pipe in excitation light at 532 nm and 635 nm.
Four PMTs detected emitted light at 635±5 nm (for light scattering at
45°), 670±10 and ≥700 (for fluorescence particle identification at

135°), and 565±10 nm for phycoerythrin (at 90°). The graphic on the
left is reproduced with permission from the American Chemical
Society [37, 38]. On the right, a micrograph shows the microfluidic
channel with chevron grooves in the top and bottom to focus the
sheath fluid completely around the sample stream
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paramagnetic particles were deflected more than the single
superparamagnetic particle, because of their greater size.
Recently, Peyman et al. have used this device design as a
method of sample preparation for sandwich immunoassays
(Fig. 5) [53]. Because magnetic particles are attracted
toward one side of the microchannel by the magnet, they
cross laminar flow streams of reagents and wash buffers in
continuous flow.

Kang and Park used magnetophoresis to perform multi-
plexed immunoassays using superparamagnetic nanopar-
ticles and nonmagnetic polystyrene microparticles [54]. A
typical sandwich immunoassay format was used in these
experiments. Red or yellow-green fluorescent microspheres
were coated with goat anti-rabbit IgG or goat anti-mouse

IgG. Superparamagnetic nanoparticles were also conjugated
to the same antibodies to act as a magnetic tracer. After
microparticles were incubated with mouse or rabbit IgG,
the magnetic nanoparticle tracer was added. After sample
preparation, the particle complexes were placed within the
flow of the microfluidics device. The fluidic channel
consisted of an “H” type design in which a permanent
magnet was placed on one side to deflect microparticles
complexed with magnetic nanoparticles.

Hahn et al. continued the development of this device in
subsequent years. In 2007, slight modifications to the chip
design were implemented (Fig. 6) [55]. Channel dimen-
sions were optimized and a nickel-based magnetic micro-
structure was introduced. These changes resulted in the
detection of two allergens for household dust mites,
Dermatophagogoides farinae and Dermatophagoides pter-
onyssinus, in the sera of 44 patients. Further, in a very
recent paper, the group detected three analytes using a
reagent mixture and a charge-coupled device (CCD) for
detection of microparticle position (Fig. 7) [56]. Besides
providing a higher level of multiplexing from the addition
of another color fluorescent microsphere, the CCD camera
and data-acquisition program provided greater automation,
throughput, and quantitation.

Currently, magnetism is most often used with micro-
particles for pre-concentration and sample preparation
before detection [39]. Yang et al. used magnetic micro-
spheres to perform immunoassays with fluorescence-
labeled antibodies in a microfabricated flow cytometer in

Fig. 5 A continuous-flow reactor using magnetophoresis to deflect
magnetic particles through multiple reagent streams in laminar flow,
performing consecutive binding and washing steps of a sandwich
immunoassay. Reproduced with permission from the Royal Society of
Chemistry [53]

Fig. 6 Schematic diagram of a
magnetophoretic immunoassay
procedure used in the device
prepared by Hahn et al. The
microchannel contained a mag-
netic Ni microstructure that
changed the microparticle posi-
tion depending on the amount of
bound mite antigen. Reproduced
with permission from the
American Chemical Society [55]
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a completely lab-on-a-chip setting [57, 58]. In this work, a
permanent magnet was attached to a PDMS chip containing
microfabricated mixers, pumps, and valves for sample
preparation of a sandwich immunoassay. After on-board
sample preparation using magnetic immobilization, the
microspheres were sent through the optical detection region
of the system. In this system, the use of magnetic force to
preconcentrate target antigen and prepare samples enabled
the detection of a virus at 103 PFU mL−1.

Magnetic particles have a role in microflow cytometry,
but their principle benefits are in target capture and sample
processing rather than detection in flow. Processing devices
based on utilization of magnetic particles are amenable to
integration with microflow cytometer systems. Further-
more, the availability of fluorescent magnetic beads
provides opportunities to use the same reagents for both
sample processing and analysis. Magnetophoresis is still an
emergent technology in microflow cytometry, and the
approach is ripe for innovative applications.

Conclusions

Microparticle-based assays have become important to flow
cytometry because of the ease of antibody conjugation, the
availability of coded beads for multiplexing, and the
realization that particles can be used to detect targets too
small to generate a significant scattered light signal.
Because of their increasing popularity and wide utility,
researchers have been implementing particle-based assays
in microfabricated flow cytometers. This combination
offers the prospect of rapid, multiplexed assays within a
compact, portable system. Three main detection techniques
have been used in microflow cytometers. The classic
detection platform, derived from Coulter counters, is based
on electrical impedance as a particle passes between
electrodes in a microchannel. Optical detection methods,
which use information from scattered light and emitted
fluorescent light to characterize arrays of particle, are also
popular and well studied. More experimental techniques,
for example magnetophoresis, are being developed; these
rely on positional analysis within a channel to determine
analyte levels. The microflow cytometers that use micro-
particle assays implement a variety of detection methods,
demonstrating the need to understand and fully utilize all
available technology for point-of-care device development.
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Fig. 7 Overlaid images of fluorescent microparticles flowing (right to
left) in a microchannel: (a) without an external permanent magnet, (b)
in the presence of a permanent magnet 4 mm from the channel, and (c)
in the presence of a permanent magnet 2 mm from the channel.
Reproduced with permission from the Royal Society of Chemistry
[56]
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