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Abstract
Protein translocation, or the change in a protein’s location between different subcellular
compartments, is a critical process by which intracellular proteins carry out their cellular
functions. Aberrant translocation events contribute to various diseases ranging from metabolic
disorders to cancer. In this study, we demonstrate the use of a newly developed single-cell tool,
microfluidic total internal reflection fluorescence flow cytometry (TIRF-FC), for detecting both
cytosol to plasma membrane and cytosol to nucleus translocations using the tyrosine kinase Syk
and the transcription factor NF-κB as models. This technique detects fluorescent molecules at the
plasma membrane and in the membrane-proximal cytosol in single cells. We were able to record
quantitatively changes in the fluorescence density in the evanescent field associated with these
translocation processes for large cell populations with single cell resolution. We envision that
TIRF-FC will provide a new approach to explore the molecular biology and clinical relevance of
protein translocations.

Introduction
Within eukaryotic cells, proteins efficiently and selectively transit between functionally
distinct subcellular compartments including the plasma membrane, cytosol, nucleus and
other membrane-enclosed organelles. A variety of mechanisms then function to localize
proteins to the appropriate subcellular compartments where they can carry out their intended
functions. The translocation of a protein from the cytosol to the plasma membrane, for
example, can result from the receptor-triggered binding of signaling proteins with PH
(pleckstrin homology), C1, C2, and related domains to membrane phospholipids 1, 2.
Nucleocytoplasmic transport (the translocation between the cytosol and the nucleus) occurs
via nuclear pore complexes (NPCs) with the participation of a large family of transport
receptors called karyopherins 3, 4. The transport receptors bind to nuclear localization
signals (NLSs) or nuclear export signals (NESs) in their cargoes and mediate their transport
through the NPCs. A regulating switch, RanGTPase, determines the directionality and rate
of transport 5. Finally, proteins also move into and out of organelles such as the endoplasmic
reticulum (ER), Golgi and mitochondria 6, 7. Regulatory steps that target a protein such as a
tumor suppressor, transcription factor or oncoprotein to its intracellular site of action often
involve cell-signaling events, protein modifications, and coordinated interactions with
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transport proteins. Dysfunctions in any of these steps may lead to disrupted translocation or
mislocalization. For example, mislocalizations of Akt, NF-κB, FOXO, p27, and p53 have
been well-documented as key features in a variety of cancers 8, 9. Thus, modulation of the
translocation of these molecules has been proposed and practiced as an interesting
therapeutic approach for the treatment of cancer 9, 10. Understanding the nature of the
signaling dysfunctions and the molecular biology associated with these translocations is
critical for obtaining mechanistic insights into the cellular processes and for developing
treatments for disease.

Several important tools have been applied to study protein translocations. Subcellular
fractionation is routinely used to homogenize cells and then physically separate the lysate
into fractions representing different subcellular compartments11, 12. Western blotting
analysis typically follows subcellular fractionation for the identification of the target protein.
Unfortunately, besides the semi-quantitative nature of Western blotting, analyses based on
subcellular fractionation reflect only the average properties of the entire population without
single cell resolution due to the required homogenization. Such results may bury critical
information on cell subsets and population heterogeneity. Fluorescence imaging and
imaging-based cytometric tools such as Laser scanning cytometry (LSC) 13, 14 or imaging
flow cytometry 15, 16 have been utilized to study cytosol/nucleus distribution of a protein
and nucleocytoplasmic transport. However, these methods are not ideal for quantitative
analysis. The image analysis algorithms implemented in these techniques are often complex
and lack robustness and consistency for satisfactory quantitative measurements. More
importantly, the throughput of these techniques (i.e., how fast each cell is examined) is
ultimately limited both by the exposure time needed to form images with sufficient spatial
resolution and the response time taken by the array detector (e.g., a CCD camera) to transfer
the image data. Recent development of microfluidic cell arrays 17–20 allows observation of
cellular dynamics at the single cell level. However, such observation is limited by the frame
size of the imaging device and the interrogation of a large cell population remains
challenging. The use of high-throughput tools to extract information from a large number of
cells is critical for understanding the potential population heterogeneity. For example, when
cells show an all-or-none response to a particular stimulus (bistability) 21, 22, a large sample
size ensures accurate representation of different cell subsets. Thus, single-cell tools with
high throughput and quantitative power are desired for studying protein translocations.

In this study, we demonstrated the use of a high-throughput quantitative technique, total
internal reflection fluorescence flow cytometry (TIRF-FC)23, to study both cytosol to
plasma membrane and cytosol to nucleus translocations. TIRF takes advantage of a surface
evanescent field (~100 nm in the thickness) generated by an internally reflecting laser beam
at a planar interface between two media with different refractive indices. TIRF microscopy
(TIRFM) has been used to observe cellular events in the vicinity of the plasma membrane
with low background by illuminating only the fluorescent molecules in the evanescent field
24–31. Compared to TIRFM which images a small number of adherent cells with a CCD
camera, TIRF-FC allows rapid screening of a cell population at the single cell level and
recording of the fluorescence intensity in the evanescent field by a single element
photodetector (e.g., a photomultiplier tube). This offers ultrafast response time and easy
quantification23. The data generated by TIRF-FC accurately reflect the population
distribution and characteristics which may be poorly represented by imaging a small cell
subset. The quantitative nature of TIRF-FC, together with its single cell resolution, also
renders it superior to Western blotting that reflects only the population average and is semi-
quantitative. We used a kinase Syk and a transcription factor NF-κB as model proteins for
the studies of cytosol to membrane and cytosol to nucleus translocations, respectively.
Although TIRFM has been applied to study membrane translocations 32–34, this is the first
report that cytosol to nucleus translocation can be studied by techniques based on evanescent

Wang et al. Page 2

Lab Chip. Author manuscript; available in PMC 2011 October 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



wave illumination. We envision that TIRF-FC will be a useful new tool for studying the
molecular biology of protein translocations and for examining clinical samples where
protein translocations may contribute to the disease state.

RESULTS
The design of the microfluidic device for TIRF-FC (Fig. 1) is similar to what was described
in our previous study23. The central part of the TIRF-FC device utilizes a partially closed
elastomeric two-layer valve35 to force flowing cells to “squeeze through” a constriction
whose depth was smaller than the cell diameter. When a cell passes the detection, the part of
the cell that is in the vicinity of the membrane is subjected to the evanescent field
illumination and the fluorescence intensity from this region is recorded by a photomultiplier
tube (PMT) (Fig. 1a). Hydrodynamic focusing is used to confine the flowing cells to the
center of the microfluidic channel so that they pass under the constriction created by the
two-layer valve (Fig. 1b). The fluorescence signals are calibrated to reflect the fluorescence
density (fluorescence intensity/membrane area) for each cell (detailed in the experimental
section). A valve control circuit is used to respond promptly to clogging events by opening
the valve temporarily to remove clogged cells and then restoring the pressure to resume the
screening23. Cells were screened at a speed of ~200–300 cells/s. Fig. 1c shows the actual
setup based on a fluorescence microscope.

We first used TIRF-FC to study the translocation of Syk from the cytosol to the plasma
membrane. The protein-tyrosine kinase Syk is essential for the survival, proliferation and
differentiation of B lymphocytes 36, 37. Syk translocates to the plasma membrane by
interacting with a pair of phosphotyrosines located within immunoreceptor tyrosine-based
activation motifs (ITAMs) present on the cytoplasmic tails of components of the B cell
antigen receptor (BCR) 38, 39. Clustering of the BCR by interactions with antigens leads to
the phosphorylation of receptor ITAMs and the recruitment of Syk, which binds via a
tandem pair of N-terminal SH2 domains. Syk and Lyn deficient DT40 chicken B cells
expressing SykEGFP were used for our demonstration. As demonstrated previously,
SykEGFP is recruited to the plasma membrane and interacts with the clustered BCR when
the cells are stimulated by anti-IgM antibody40.

Fluorescence microscopy was used to confirm the translocation and examine changes
occurring close to the membrane of cells. Epifluorescence images of DT40 cells revealed
that treatment with anti-IgM (5 μg/ml) led to the clustering and redistribution of Syk-
receptor complexes to form a cap at one pole of the cell (Fig. 2a). This is indicative of the
membrane translocation of SykEGFP. As shown in the TIRFM images in Fig. 2b, patches of
aggregated SykEGFP on the membrane started to appear 10 min following stimulation. The
fluorescence intensity at the membrane vicinity increased significantly between 10 and 20
min. The intensity decreased from 20 to 60 min possibly due to the photobleaching of the
fluorescent protein marker. Finally, the movement of a portion of SykEGFP to the
membrane fraction as a function of time was verified by subcellular fractionation and
Western blotting (Fig. 2c).

The TIRFM data in Fig. 2b reveal that photobleaching is a critical limitation to quantitative
time-lapsed analysis of protein translocation by fluorescence imaging. TIRF-FC solves this
problem by subjecting flowing cells only briefly to the laser illumination during screening.
TIRF-FC also examines the fluorescence of a much larger cell population than imaging so
that the data are reflective of the characteristics of the population distribution. As shown in
Fig. 3a, the histogram of the fluorescence density generated by a cell population of ~5000
cells gradually shifted to the higher end as time following stimulation progressed from 0 to
20 min. The shift of the histogram between 20 and 60 min was not as pronounced. As shown
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in Fig. 3b, the population-averaged fluorescence density from the evanescent field increased
by about 84% over the 60-min period after stimulation due to the translocation of the kinase
to the membrane. As a negative control, such a shift after stimulation did not occur when
cells lacking the EGFP fusion protein, but stained instead by calcein AM, were examined
(Fig. 3c).

We found that evanescent-field-based tools such as TIRFM and TIRF-FC also offer the
capacity to study the nucleocytoplasmic transport of proteins, although such translocations
do not directly involve the plasma membrane as a subcellular location of action. We used
TIRF-FC to study the transport of NF-κB from the cytosol to the nucleus as a proof-of-
concept. NF-κB is a family of dimeric transcription factors that regulate cellular stress
responses, cell division, apoptosis, and inflammation 41–43. The activity of NF-κB is
regulated by its cytoplasmic inhibitor IκB, which binds to NF-κB, masks its nuclear
localization signal and retains it in the cytoplasm44,45. Signals from extracellular stimuli
(e.g., TNFα, IL-1, LPS and DNA-damaging agents) are transduced to the IκB kinase (IKK)
complex. IKK then phosphorylates IκB, leading to its degradation via ubiquitination and
proteolysis. This allows NF-κB to translocate to the nucleus, bind DNA and regulate gene
transcription46–48. Prominent basal nuclear localization of NF-κB is found in breast, ovary,
colon, pancreas and thyroid tumor cells 49.

We examined the translocation of NF-κB using a Chinese hamster ovary (CHO) cell line
expressing the p65 component of NF-κB fused to GFP. The time-lapsed epifluorescence and
TIRFM images of cells expressing p65-GFP after stimulation by IL-1β are shown in Fig. 4a.
Based on the epifluorescence images, the nucleocytoplasmic translocation (from cytosol to
nucleus) was complete by 60 min following stimulation. As the protein translocated to the
nucleus from the cytoplasm, the fluorescence from the evanescent field layer decreased
substantially. The translocation was confirmed by subcellular fractionation and Western
blotting (Fig. 4b).

It is difficult to determine, based solely on TIRFM images, whether a fluorescence decline is
due to an actual change in the location of a protein or to photobleaching. However,
photobleaching does not affect the data obtained using TIRF-FC. As shown in Fig. 5a, the
histogram of the fluorescence density decreased substantially with the increased transit of
NF-κB into the nucleus as a function of time. Thus, the translocation to the nucleus
decreased the concentration of membrane-proximal cytosolic NF-κB, which is detectable by
TIRF-FC. In Fig. 5b, we show that the population-averaged fluorescence density of
membrane-proximal NF-κB (which is proportional to its cytosolic concentration close to the
membrane) decreased to 65% of its original value 60 min after stimulation, with no further
decrease between 60 and 120 min.

DISCUSSION
TIRF-FC provides a quantitative approach to study protein translocations. TIRF illumination
excites fluorescent molecules both at the plasma membrane and in the membrane-proximal
cytosol. This feature allows us to examine both cytosol to plasma membrane translocation
and nucleocytoplasmic transport. With the use of a PMT (as in classical flow cytometry),
TIRF-FC generates quantitative data with ultrafast response times and high throughput, thus
eliminating the burden associated with image storage and analysis. Also similar to classical
flow cytometry, it is possible to establish for TIRF-FC a data calibration system that
facilitates inter-laboratory and cross-platform comparison, quality control and absolute
quantification 50–52. For example, if we use the fluorescence density artificially created in
labeled cells (e.g., cells labeled by calcein AM at a concentration of 50 ng/ml for 10 min) as
a reference, we can determine that, on average, the SykEGFP molecules that moved into the
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evanescent field within 60 min generate fluorescence equivalent to 31.7% of the calcein
molecules present in the same field. In comparison, the amount of NF-κB translocated in 2
hrs is equivalent to 18.2% of the fluorescence of the calcein molecules.

The comparison of TIRF-FC results with Western blotting data reveals some interesting
facts. For the translocation of Syk to the membrane, the quantification using Western
blotting analysis reveals a 2.87-fold increase in the amount of membrane-bound Syk at 60
min compared to the initial amount at time 0. This is significantly larger than the change (a
factor of 1.84) detected by TIRF-FC. This is due to the fact that Western blotting after
subcellular fractionation detects only the protein amount associated with the membrane
while TIRF-FC detects both the membrane protein and the membrane-proximal cytosolic
protein. The comparison suggests that the change in the protein concentration in the
membrane-proximal cytosol is minimal compared to that at the membrane during the
translocation of the kinase to the membrane receptor. The analysis of NF-κB translocation
by Western blotting shows that the cytosolic fraction dropped to 74% at 120 min, which is
comparable to 65% detected by TIRF-FC (given the semi-quantitative nature of Western
blotting). This indicates that the NF-κB concentration in the vicinity of the membrane was
similar to its average concentration in the cytosol.

EXPERIMENTAL
Cell sample preparation

Chicken DT40 B cells with Syk- and Lyn-deficiency (DT40-Syk−-Lyn−) and SykEGFP-
DT40-Syk−-Lyn− cell lines were produced as described previously 40. Briefly, an XhoI/HpaI
DNA fragment encoding Syk was cut from EPB:SykMyc 53. Insertion of this fragment into
XhoI/SmaI sites of thepEGFP-N2 vector (Clontech) resulted in a fusionof Syk and enhanced
GFP (SykEGFP). DT40-Syk−-Lyn− cells (1 × 106) were transfected with 20μg of the DNA
construct as previously described to produce SykEGFP-DT40-Syk−-Lyn−54. Both DT40 cell
lines were cultured for at least 15 passages in complete medium (RPMI 1640media
supplemented with 10% heat-inactivated fetal calf serum, 1% chicken serum, 50 μM 2-
mercaptoethanol, 1 mM sodium pyruvate, 100 IU/ml penicillin G, and 100 μg/ml
streptomycin) before the experiment in microfluidic TIRF-FC devices. After 48 hours of
culturing, cells were harvested and suspended in phosphate buffered saline (PBS). To
stimulate cells, 5 μg goat anti-chicken immunoglobulin M (IgM) antibody (Bethyl
Laboratories) was added to 106 cells and incubated for designated periods at 22 °C. To
establish a negative control, both stimulated and unstimulated DT40-Syk−-Lyn− cells were
stained with a fluorogenic dye, calcein AM (Invitrogen), at a concentration of 50 ng/ml for
10 min. Cells were washed twice in PBS to remove unabsorbed calcein AM before analysis
with TIRF-FC. CHO/GFP-NFκBp65 cell line (Panomics) was obtained by co-transfection of
an expression vector for a fusion protein of turboGFP (Evrogen) and human NFκBp65, as
well as pHyg into Chinese hamster ovary (CHO) cells. The cells were subcultured every two
days in Hams F12K media supplemented with 10% fetal bovine serum,100 IU/ml penicillin
G, 100 μg/ml streptomycin and 100 μg/ml Hygromycin. In order to stimulate cells with IL-1
β at 20 ng/ml, cells were starved in serum free media for 4 hr. Cells were detached by
addition of 0.25% trypsin for 1 min and washed twice by PBS. To stimulate suspension
cells, cells at a concentration of 106/ml were treated with 20 ng/ml IL-1 β at 22 °C for
designated periods. All cell samples were centrifuged at 300 × g for 4 min and resuspended
in PBS at a final cell density of 107 cells/ml before TIRF-FC experiments.

Subcellular fractionation and Western blotting
SykEGFP-DT40-Syk−-Lyn− cells (1×106 cells/ml) treated with or without 50 μg/ml anti-
IgM antibody were permeabilized by incubation in a buffer containing 0.1% digitonin, 250
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mM sucrose and 1 mM EDTA. The particulate (membrane) fraction was collected by
centrifugation at 1000 ×g, washed once with digitonin free lysis buffer and solubilized in
sodium dodecyl sulfate (SDS)-sample buffer to release proteins. The proteins in both soluble
(cytosolic) fraction and particulate (membrane) fraction were separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE), transferred to polyvinylidene difluoride
(PVDF) membranes and detected by Western blotting with an anti-Syk antibody (N-19,
Santa Cruz Biotechnology). Before performing fractionation of GFP-NFκBp65 CHO cells,
cells were washed with PBS supplemented with 200 μg/ml soybean trypsin inhibitor before
they were suspended in 400 μl cold buffer A (10 mM Hepes, pH 7.9, 10 mM KCl, 0.1 mM
EDTA, 0.1 mM EGTA, 1 mM DTT, 0.5 mM PMSF, 1 mM NaOV, 2X protease inhibitor
cocktail) and allowed to swell on ice for 10 min. NP-40 was added to cells to achieve a final
concentration of 0.2%. The homogenates were incubated on ice for another 5 min and then
centrifuged at 20,000 × g for 30 s. The supernatants were saved as cytosolic fractions while
the nuclear pellets were washed with 200 μl detergent-free buffer A. The nuclear fractions
were then resuspended in 300 μl SDS-sample buffer (25% sucrose, 2.5% SDS, 25 mM Tris/
2.5 mM EDTA, 0.25 % pyronin Y) by using a 1-ml syringe with a 22G1/2 needle to shear
the chromosomal DNA. The resulting samples were then subjected to SDS-PAGE and
Western blot analysis with an anti-RelA antibody (Santa Cruz Biotechnology).

Microchip fabrication
The design of the microfluidic TIRF-FC device is shown in Fig. 1. The device including a
control layer and a fluidic layer was fabricated using multilayer soft lithography 23, 35.
Microscale features were designed using a computer aided software (Freehand) and printed
out on a transparency as a photomask with high resolution at 5080 dpi. The control layer
master (photoresist/silicon wafer) was made using a negative photoresist SU-8 2025
(Microchem) with a thickness of 33 μm. The fluidic layer master fabricated with a positive
photoresist AZ 9260 (Clariant) was baked at 120 °C for 2 min to generate a rounded cross
section for the channel. The depth at the center of the fluidic channel was ~18 μm. Both
control and fluidic layers of the device were molded using PDMS of the same composition
(GE Silicones RTV 615, mass ratio of A:B=10:1). The thickness of the fluidic layer was
measured to be 35 μm, formed by spinning of prepolymer PDMS at 4000 rpm for 30 s. The
control layer had a thickness ~0.5 cm. The two layers were bonded together after oxidization
of the PDMS surfaces in a plasma cleaner (Harrick). This complex was then bonded to a
pre-cleaned glass slip (45 mm × 50 mm × 170 μm, No.1, Fisher Scientific) using the same
oxidation method. The fluidic channels were conditioned with 1% Pluronic F-68 (Sigma) for
1 h before experiments to avoid cell adsorption to the surfaces.

Optical setup
The optical setup for TIRF-FC was described previously 23. In brief, a laser beam at 488 nm
from an air-cooled 100mW argon ion laser (Spectra-Physics) was applied as the light source.
The laser beam was expanded 5 times in diameter by a pair of lenses (f =15 mm and 75 mm,
Thorlabs) before it was focused by a lens (f = 400 mm, Thorlabs) and entered the laser port
B of an invert fluorescence microscope (IX-71, Olympus). The laser was then reflected by a
dichroic beamsplitter (505DCLP, Chroma Technology) and focused at the back focal plane
(BFP) of a TIRF objective (PlanApo, oil, 60X, NA=1.45, Olympus). By adjustment of the
angle of incident light out of the objective (~2.1 mW), TIRF was achieved and the
fluorescent molecules close to the surface of the glass substrate were illuminated by the
evanescent field. The diameter of the circular illuminated area was approximately 70 μm.
The fluorescence emission was collected by the same objective and filtered by the dichroic
filter and emitter (D535/40, Chroma Technology) before it was recorded by a side-on
photomultiplier tube (R9220, Hamamatsu) biased at 500 V. The bias voltage of the PMT
was adjusted so that cells without labeling did not generate signal. A CCD camera
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(Coolsnap HQ, Photometrics) was used to take epifluorescence and TIRFM images based on
the same setup.

Microchip operation and signal detection
The microfluidic device was mounted on an inverted fluorescence microscope (IX-71,
Olympus). The sample and buffer inlets were connected with syringe pumps (PHD infusion
pump, Harvard Apparatus) through plastic tubing. PBS was infused at 8 μl/min from the
buffer inlet while the flow rate of the sample containing cells was set at 2 μl/min. The
sample stream was focused twice (with a distance of 750 μm between the two focusing
points), resulting in a focusing width of ~15.8 μm when 0.2 μm fluorescent beads were
applied as the sample. The control channel was filled with deionized water to prevent air
from leaking into the fluidic channel. The microfluidic elastomeric valve was operated by
applying/releasing pressure (provided by a nitrogen cylinder) to the control channel via a
fast-response solenoid valve (ASCO Scientific). The actuation pressure for the control valve
(partially closed during operation) was maintained at 12 psi that generated strong
fluorescence intensity without causing too much cell clogging. It is worth noting that this
actuation pressure was optimized under the specific dimensions of the control and the fluidic
channels and the PDMS membrane thickness between them (~17 μm). A control circuit was
designed to quickly open-close the valve in case of cell clogging so that clogged cells were
flushed out 23.

Signal processing
The fluorescence light collected by the PMT was transformed into a voltage signal which
was input into a PCI data acquisition card (PCI-6254, National Instruments) operated by
LabView software (National Instruments). A LabView program written in our lab recorded
the fluorescence intensity at 106 Hz in the form of a series of spikes, each of which
represents one cell flowing through the detection window. These data were further processed
offline by MATLAB programs to generate the width and height of each spike. Thresholds
for the peak width and height were set so that artifact peaks and peaks generated by
adsorbed cells were discarded. The ratio of height to width (H/W) for each spike was a
measure of the “fluorescence density” (the amount of fluorescence divided by the membrane
area being examined) close to the cell surface for a particular cell 23. The fluorescence
density data generated by a cell population were sorted into a histogram to represent the
population. The fluorescence density was converted to 4 decade logarithmic voltage scale
and assigned into 256 scale channels similar to conventional flow cytometry. Each
histogram typically included a sample size of ~5000 cells.
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Figure 1.
(a) Schematic of microfluidic TIRF-FC device with an elastomeric valve that forces flowing
cells into the evanescent field. (b) The design of microfluidic channels on the device. The
buffer flow enters from one inlet and is then symmetrically divided into two pairs of streams
for hydrodynamic focusing of the sample flow that contains cells. The distance between the
two focusing points is 750 μm. Left inset: the hydrodynamic focusing. Right inset: TIRFM
image of fluorescent trail detected by the evanescent wave illumination. (c) The optical
setup of the apparatus. Details about the setup are given in the experimental section.
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Figure 2.
Translocation of Syk to the plasma membrane examined by epifluorescence, TIRFM
imaging and Western blotting. (a) Epifluorescence images of SykEGFP-DT40-Syk−-Lyn−
cells stimulated at 22 °C for 0 min and 60 min with 5 μg/ml anti-IgM antibody. Syk
translocation can be recognized by the characteristic SykEGFP capping on one pole of the
cells (marked by arrows). (b) Syk translocation observed by TIRFM when the cells were
stimulated for 0, 10, 20 and 60 min. (c) Western blotting analysis of Syk from different
subcellular compartments after stimulation for various periods of time. Subcellular
fractionation was used to separate cell lysates into fractions representing different
subcellular compartments (M: Membrane; C: Cytosol).
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Figure 3.
Syk translocation to the plasma membrane studied by microfluidic TIRF-FC. (a) Histograms
of fluorescence density collected from populations of ~5000 cells at various periods (0, 10,
20, and 60 min) after stimulation by anti-IgM at 22 °C. (b) The population-averaged
fluorescence density variation over various stimulation times. The initial average
fluorescence density at time 0 is designated as 100%. (c) Histograms of fluorescence density
taken from DT40 cells without SykEGFP expression stained with calcein AM. One cell
population was stimulated by anti-IgM at 22 °C for 60 min while the other was not
stimulated.
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Figure 4.
Nucleocytoplasmic translocation of NF-κB examined by epifluorescence, TIRFM imaging
and Western blotting. (a) Epifluorescence images (upper row) and TIRFM images (lower
row) of CHO/GFP-NFκBp65 undergoing nucleocytoplasmic transport after stimulation by
20 ng/ml IL-1β at 22 °C for 0, 10, 60, and 120 min. (b) Western blotting analysis of NF-κB
from different subcellular compartments after stimulation for various periods of time.
Subcellular fractionation was used to separate cell lysates into nuclear and cytosolic
fractions.
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Figure 5.
Nucleocytoplasmic translocation of NF-κB studied by microfluidic TIRF-FC. (a)
Histograms of fluorescence density collected from populations of ~5000 cells at 0, 10, 60,
and 120 min after stimulation by IL-1β at 22 °C. (b) The population-averaged fluorescence
density variation over various stimulation times. The initial average fluorescence density at
time 0 is designated as 100%.

Wang et al. Page 14

Lab Chip. Author manuscript; available in PMC 2011 October 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


