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Quantitative Fluorescence Microscopy Using Supported Lipid
Bilayer Standards
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ABSTRACT Routine quantitative analysis of biomolecule surface density by fluorescence microscopy has been limited by the
difficulty of preparing appropriate calibration standards that relate measured fluorescence intensity to actual surface concentration.
Supported lipid bilayers are planar fluid films of uniform density and composition which can incorporate a variety of lipidated
fluorophores and work well as fluorescence standards. Here, we outline a straightforward strategy to calibrate digital micrographs
of fluorescent surfaces such as planar cellular junctions for comparison to supported bilayer standards. It can be implemented with
standard microscopy equipment. To illustrate the advantages of this approach, we quantify cell- and bilayer-side protein density

patterns in a hybrid immunological synapse between a T-cell and a supported bilayer.

INTRODUCTION

Modern fluorescence microscopy provides spatially detailed
information on the location and density of fluorescent bio-
molecules on substrates and cells, but full quantitative anal-
ysis of images is rarely performed. There are a variety of
reasons why the inherently quantitative capabilities of this
technique remain unused. One of these is the lack of appro-
priate calibration standards that facilitate the easy mapping of
fluorescence intensity to absolute surface density, without
which only relative comparisons can be made. While ex-
amples of quantitative density measurements by conven-
tional fluorescence microscopy exist in the literature (see, for
example, (1-5)), the level of analysis they present is not
typical.

In the following, we illustrate how supported bilayers can
fill this need for easily implemented calibration standards and
are applicable for a variety of experimental situations. This
implementation of quantitative fluorescence microscopy in-
volves imaging a sample such as a labeled protein on a cell, a
fusion protein tethered to a bilayer, or any other fluorescent
species. The sample intensity is then compared to a series of
supported bilayer standards containing a spectrally similar
fluorophore using identical acquisition parameters. The sup-
ported bilayers (6,7)—two dimensional fluids that uniformly
cover large glass surfaces at defined probe densities—
provide the relationship between observed intensity and
fluorophore density per unit area. While the spectral char-
acteristics of fluorophores vary in different chemical envi-
ronments such as on proteins or in bilayers, appropriate
quantitative calibration of the observed sample intensities to
the bilayer standards is straightforward. This calibration is
essential because, as is well known and demonstrated below,
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even the same fluorophore on different molecular moieties
can have large differences in emission intensity. However,
the absolute surface density of the sample fluorophore can
still be inferred using properly calibrated images.

Supported bilayers offer several advantages over pub-
lished methods to create large, uniform, fluorescent standards
for this type of analysis (1,8). They can be compositionally
homogeneous across large distances (routinely up to several
cmz), are easily created by several techniques (6,7,9), and can
contain of a variety of probes across a broad range of den-
sities (up to 10%*/um? or higher). Notably, supported bilayers
self-assemble to a single membrane thickness, thus they are
an easy way to reproducibly make surfaces of chosen probe
densities while avoiding the need for further surface char-
acterization, as with spin-coated standards (8). While the
limited repertoire of fluorescent lipid probes and the spectral
differences between lipid- and protein-bound fluorophores
may initially seem to be obstacles, this need not be the case,
since sample data may be calibrated such that one must
merely choose a lipid-bound fluorophore roughly similar to
that on the sample. The planar geometry of supported
membranes makes them well suited to microscopy, and the
presented method is theoretically valid down to diffraction-
limited length scales. The technique is best suited to the
analysis of two-dimensional sample geometries similar to
planar-supported bilayers, which include various recon-
stituted systems as well as cellular interfaces with surfaces.

As an example of the latter category, we apply this
methodology to immunological synapses, which are junc-
tions between helper T-cells and antigen-presenting cells
(10-13). Immunological synapses show dramatic spatial lo-
calization of cell surface receptor proteins over a timescale of
minutes and on a length-scale of microns, and can be reca-
pitulated by replacing the antigen-presenting cell with a
supported bilayer displaying the appropriate cognate protein
ligands to those on the T-cell (14). An example of a typical

doi: 10.1529/biophys;.108.131540



Quantitative Fluorescence Microscopy

murine T-cell synapse illustrating two of the relevant syn-
apse-associated proteins, T-cell receptor (TCR) and inter-
cellular adhesion molecule-1 (ICAM), is shown in Fig. 1, a
and b.

The different intensity-scaling settings shown illustrate the
limitations of graphically representing what is intrinsically
quantitative data. The same images are scaled three arbitrary
ways: linearly between the minimal and maximal intensities,
in a binary fashion to highlight the presence or absence of
protein across a threshold, or nonlinearly to highlight specific
internal features at the cost of detail at the center (TCR) or in
the background (ICAM). All three subjectively obscure some
characteristics of the data to show others.

Mapping fluorescence intensity directly to protein surface
density on a pixel-by-pixel basis is a more informative and
objective way of presenting the same data. Rather than dis-
carding information, the pseudocolor plots (Fig. 1 b, right
panel) highlight the spatial variations of protein density in
real units of protein/um?. It would not normally be possible
to construct figures such as these, since while properly scaled
pseudocolor images can show any relative spatial subtleties
of TCR or ICAM, the direct comparison of the densities
shown (and plotted in Fig. 1 ¢) requires parallel quantification
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of both proteins. This work describes the method used to
generate properly quantified images and plots such as these,
thereby facilitating direct, quantitative comparison across
different fluorescent analytes and images. The required tools
include a fluorescence microscope fitted with appropriate
dichroics and optical filters, a camera with a linear intensity
response (common with modern charge-coupled device-
based cameras), and lipids and glass substrates for the stan-
dards.

MATERIALS AND METHODS

Lipid vesicles and supported bilayers

Phospholipids (1,2-dioleoyl-sn-glycero-3-phosphocholine, DOPC; 1,2-dis-
tearoyl-sn-glycero-3-[phospho-L-serine], DOPS; and 1,2-dioleoyl-sn-glyc-
ero-3-ethylphosphocholine, DOEPC) were purchased from Avanti Polar
Lipids (Alabaster, AL) and fluorescent lipids (Texas Red-DHPE; BODIPY-
DHPE) were from Invitrogen (Carlsbad, CA). Measured quantities of lipids
in chloroform were dried in a round-bottom flask on a rotary evaporator.
After additional drying under a gentle N, stream for at least 1 h, samples were
hydrated with deionized water to 1 mg/ml lipid concentration and allowed to
suspend overnight at 4°C. To ensure complete liftoff of the lipid film, flasks
were frozen in a dry ice/isopropanol bath and thawed in warm water for three
cycles. Samples were extruded eight times through 100-nm pore membrane
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(b) TCR and ICAM intensity of the same cell forming a
synapse with a supported bilayer. The left three image
intensities are scaled three arbitrary ways to show the full
intensity range of the images, the presence or absence of
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ICAMAum®  the protein distributions. TCR is visualized by Alexa568
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linear pseudocolor that spans the full range of intensity
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apse. (d) ICAM density clockwise from the top along the
dashed circle.

400

Biophysical Journal 95(5) 2512-2519



2514

filters (Whatman, Florham Park, NJ) at 50°C in a high pressure extruder
(Northern Lipids, Burnaby, British Columbia, Canada). Average diameters
of the resulting suspensions were typically within 5% of 100 nm as measured
by dynamic light scattering (BIC 90plus, Brookhaven Instruments, Holts-
ville, NY). The concentration of vesicles and their fluorescent components
was assumed to be set by the amount of lipids added to the flask and the
volume of water used for hydration.

Supported bilayers for calibration standards were formed in glass-bottom
96 well plates (NalgeNunc, Rochester, NY) that had been soaked with 6 M
NaOH for 2 h followed by extensive rinsing with deionized water. Vesicle
suspensions at 0.5 mg/ml in 2X sample buffer (50 mM TRIS, 200 mM NaCl,
pH 7.4) were added to an equal volume of water in the well, allowed to
incubate for 10 min, and washed extensively with 1X sample buffer to re-
move adsorbed vesicles. Bilayers were never exposed to air, and were lat-
erally fluid by fluorescence recovery after photobleaching, which verified
supported bilayer integrity (15,16). Supported bilayers were of equal fluo-
rescence intensity as those created on piranha solution-treated coverslips
according to published methods (17), which shows that adsorbed vesicles
were adequately removed.

Proteins for scaling factor calculation

Anti-biotin was purchased from Sigma (St. Louis, MO) and labeled with
Oregon Green, FITC, AlexaFluor568 or AlexaFluor594 succinimidyl esters
from Invitrogen. Monomeric DsRed was purchased from Clontech (Moun-
tain View, CA) and BODIPY-anti-IgG from Invitrogen. The eYFP and
eYFP-ICAM were cultured in Escherichia coli and HEK-293T cells, re-
spectively. Protein solutions were diluted into sample buffer or HBS/HSA
(for anti-TCR and eYFP-ICAM) and fluorophore concentration measured
with a Cary 100 absorbance spectrophotometer (Varian, Palo Alto, CA)
using published extinction coefficients.

Fluorimetry and microscopy

Fluorimetry measurements were performed on a Cary Eclipse (Varian)
equipped with a thermostated sample holder at 25°C. Excitation/emission
spectra were obtained by exciting with a 1.5 nm slit width and step size across
the range of wavelengths encompassing the excitation filter on the micro-
scope. Emission data (2-nm slit and step) at each excitation wavelength also
encompassed the spectral range of the emission filter. The fluorimeter cor-
rects for wavelength-dependent variations in illumination intensity.

Microscope images were acquired on a Nikon (Melville, NY) TE300
equipped with a Coolsnap HQ camera (Photometrics, Tucson, AZ) con-
trolled by Metamorph (Molecular Devices, Downington, PA). FITC (HQ
FITC, #41001 for green-emitting fluorophores) and Texas-Red (HQ TR,
#41004 for red-emitting fluorophores) filter sets from Chroma (Rockingham,
NY) were used with a Plan Fluor 20X ELWD 0.45 NA air objective or Plan
Fluor 100X oil immersion objective from Nikon at 1.3 NA for T-cell related
images.

Measuring the scaling factor

For microscope measurements of F, discussed below, 300 ul aliquots of
vesicles and protein (of known and measured concentration, respectively)
were placed in 96-well plates. With the field diaphragm minimized and the
objective at the lateral center of the well, the microscope was focused deep
into the solution where intensity was maximal and even substantial vertical
adjustments in focus did not change the intensity by more than a few percent.
Because the image intensity is uneven due to fluorescence outside the ob-
jective focal plane, only a small region at the center of the field was used for
measurements. The standard deviation of intensity within this region was
<1.5%, which spanned hundreds of pixels. Measured intensity was constant
with time and extremely linear with respect to vesicle (and thus fluorophore)
concentration, demonstrating negligible scattering over our particle con-
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centration range (Fig. S1 in Supplementary Material, Data S1). Background
signal was measured from solutions of nonfluorescent vesicles or buffer. The
net fluorescence intensities were normalized by fluorophore molarity. The
value of F was determined by the ratio of the normalized net vesicle intensity
divided by the normalized net protein intensity.

Fluorimetry data was derived from the same solutions used for micros-
copy measurements. Spectra of each solution comprised an m X n matrix
(M = Aexmax — Aexmin)/Stepa n = (Aemmax — /\emmin)/S[epv where Aex and Aer,
are excitation and emission wavelengths, and step is the interval between
data points). The raw spectra were background-subtracted with spectra of
buffer or nonfluorescent vesicles and scaled by ®(Aex, Aem), discussed below,
all given as m X n matrices (see Fig. S2 in Data S1 for calculation of ®(A.y,
Aem))- The value of F' was determined by the ratio of Zgoy(sampiey/Lsolu(vesicle) @S
approximated as the sum of the entries of the molarity-normalized m X n
matrix. Calculations were performed in Excel (Microsoft, Redmond, WA).

T-cell experiments

T-cell synapses were prepared essentially as described elsewhere (18), except
for the usage of polyhistidine-tagged proteins, which were stably bound to
Ni**-loaded DOGS-NTA lipids (Avanti) included in the bilayer at 2 mol %.
TCR was visualized by staining with Alexa568 labeled anti-TCR F,, frag-
ments during synapse formation followed by extensive washing. Consistent
acquisition parameters were used within each color channel for both samples
and standards. Background noise was subtracted from all image intensities,
and the net signal converted to prot/um?, using standard curves with lipid
fluorophore densities spanning the range of sample fluorophore densities.

RESULTS
Creating bilayer standards

We use supported lipid bilayers containing predefined
amounts of fluorescent lipids to establish the relationship
between observed intensity and fluorophore surface density.
The fluorescent probe density is set by the stoichiometry of
the lipid mixture used to make the vesicle precursors to
supported bilayers. While there are a variety of methods to
create supported bilayers (7,19-21), the most straightforward
is the spontaneous rupture of vesicles from a buffer suspen-
sion onto a clean, glass surface. The entire substrate is cov-
ered by a single bilayer of uniform lateral composition, the
quality of which is easily assayed by observing fluorescence
recovery after photobleaching of a small region (see Mate-
rials and Methods). Besides exhibiting high lateral mobility
of membrane components, good supported bilayers are also
virtually featureless down to high magnification, the most
common problems being micrometer-scale holes or residual
adsorbed vesicles, which appear as dark or bright spots under
high magnification, respectively, and may often be remedied
by changing the ionic strength or buffer pH. (For more in-
formation about supported bilayer formation conditions, see
(9)). Using a DOPC lipid footprint in supported bilayers
of 0.72 nm?, it is straightforward to calculate the number
of fluorophores per unit area (22). A series of bilayer standards
composed of DOPC and varying amounts of fluorescent
BODIPY-DHPE is shown in Fig. 2 where the intensity linearly
increases up to ~20,000 BODIPY—DHPE/,u,m2 (0.7 mol %).
The increasing nonlinearity at higher densities is attributed
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FIGURE 2 Bilayer calibration standards. (@) Fluorescence images and
schematics of the calibration bilayers with increasing amounts of BODIPY-
DHPE. Intensity of bilayers increases with BODIPY-DHPE density. Bars =
100 wm. (b) Numerical intensity of bilayers from panel a. Each image in
panel a corresponds to a single data point. Each bilayer is moved to sample
several different areas, demonstrating the lateral homogeneity of the bilay-
ers. The recorded intensity is taken from the same region of each image.
The solid line represents a least-squares regression fit of the first four
BODIPY concentrations (R* = 0.999). The dotted line represents a fit to the
form where intensity / = Q - I' exp[-mR2 '], where I is the density of
fluorophores, R, is a critical distance below which fluorophore pairs form
exciton traps, and Q is a proportionality constant (23). Because R, is less
than the thickness of the membrane, each leaflet of the bilayer is treated as an
independent monolayer. (Best fit values R, = 2.95 nm, Q = 0.052.)

to fluorophore self-quenching due to exciton trap formation.
The data set is well described by the model for BODIPY lipid
self-quenching in monolayers given by Dahim et al. (23),
which assumes that if two fluorophores approach each other
within a critical distance, they form a trap site for energy
transfer, which in turn lowers the observed fluorescence (see
Fig. 2).

All the intensities used in this work lie within the linear
region of a plot of fluorescence versus fluorophore density,
but calibrated sample intensities (discussed below) beyond
the linear portion of the standards may be directly applied to
the linear fit, as long as the sample fluorophores themselves
are not subject to self-quenching.

Scaling factors and optical efficiency of
the microscope

The bilayer standards in Fig. 2 are only directly applicable to
similar supported bilayers containing BODIPY-DHPE, since
even the same fluorophore on a different chemical moiety
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(for instance, a protein instead of a lipid) will have different
absorption and emission characteristics. These can translate
into large changes in observed fluorophore brightness as light
propagates through the microscope optical train. Thus, sam-
ple images must usually be calibrated to render them com-
parable to the standards by taking into account the spectral
differences of the two fluorophores and how those spectra are
affected by the microscope optics. In other words, one can
calibrate the intensity of the sample fluorophore to the bilayer
standard fluorophore so that

[ = o
F

where I, and Ig,mpie are the calibrated and observed sample
intensities respectively, and F is a unitless scaling factor that
represents the strength of the sample fluorophore versus the
lipid-linked standard fluorophore. The factor F' accounts for
the optical properties of the instrument and the differing
spectral properties of the sample and standard fluorophores.
The value of I, is applied to a curve such as Fig. 2 b to find
the surface density of sample fluorophores, and hence the
sample itself.

Two different ways of measuring F for a pair of fluo-
rophores give very similar results. In the first method, the
microscope is defocused into a solution of known lipid ves-
icle- or sample-fluorophore molarity and one compares the
intensities so that

D

F= Isolu(sample)’ (2)
]solu(lipid)

where I o1y sample) and Lsoniipiay are the concentration-normal-
ized intensities of the sample and lipid vesicle standard
solutions, respectively. This approach measures F directly on
the microscope to be used. The second method uses excita-
tion/emission spectra measured in a standard fluorimeter
(Fig. 3 a). However, raw excitation/emission spectra do not
include the effects of the microscope optical train on lsopyipia)
or Igusample). These effects can be accounted for by an
optical efficiency function, ®(A.,, Aem), which affects
Lsotu(vesicle) and Igory(sample) differently.

We can calculate @(Ay, Ae) by individually considering
the spectra of each optical component of the microscope (see
Fig. S2 in Data S1 for an example). The tensor product of the
vectors representing the microscope excitation and emission
efficiencies gives ®(Aqx, Aepy) and is shown in Fig. 3 b. In this
case, the optical train of the microscope begins at the mercury
arc lamp, passes through an excitation filter, and is reflected
to the sample by a dichroic mirror. Emitted light passes back
through the dichroic and an emission filter, and is recorded by
a charge-coupled device camera. Any other components are
considered to have negligible effects.

The intensity of a solution measured by the microscope,
such as Loy qipia), 18 represented by the full emission spectrum
measured in a fluorimeter, Ig(Aex, Aem) (Fig. 3 @), scaled by
D(Aex, Aem) (Fig. 3 b), which can be stated mathematically as

Biophysical Journal 95(5) 2512-2519
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FIGURE 3 Effect of ®(Acx, Aem) On the spectrum of Texas Red vesicles.
(a) Normalized excitation/emission spectrum of TR-DHPE containing
vesicles (500 nM bulk concentration of TR-DHPE) measured on a fluorim-
eter. (b) Optical efficiency function, ®(Aey, Aenm), calculated for the micro-
scope optical train equipped with a Texas Red filter set. The two major peaks
along the excitation axis are from the Hg arc lamp (see Fig. S2 in Data S1 for
D(Aex, Aem) calculation). (¢) Excitation/emission spectrum in panel a scaled
by ®(Aex, Aem) in panel b. This volume represents the actual intensity
measured by the microscope, Iyowqipiay- ' is given by the ratio of this volume
to a similarly scaled protein spectrum, both normalized for molarity.

ACX" )\emf
[solu(lipid) :/)‘ /)\ Iﬂ()\em)\em) : q)()\ex;Aem)dAemd/\exa (3)
exq em(

and is shown graphically in Fig. 3 c. The numerical value of
Lsoniipiay 18 substituted into Eq. 2 in place of the directly
measured value, and values of Iioyampie) are calculated
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similarly. The scaling operation in Eq. 3 is also known as a
Hadamard, or entrywise matrix product, and the integration is
easily evaluated by summing the matrix entries graphed in
Fig. 3 c. For the well-matched fluorophores chosen for the
immunological synapse, ®(Acx, Aen) does not drastically
change the calibration between fluorophores compared to
considering the raw emission alone, but this may not always
be the case. It is notable that as long as ®(A.y, Aeny) can be
predicted, this same analysis can be applied to any system
where F cannot be directly measured on the instrument, such
as flow cytometers.

Equation 1 can drastically change raw versus calibrated
sample intensities, and the same fluorophore can behave very
differently on various chemical moieties. For instance, cali-
brated and raw intensities differ by about a factor of 10 with
each of the Texas Red-labeled proteins (Fig. 4). Conversely,
calibrations of AlexaFluor488 streptavidin and anti-biotin
intensities are very different, illustrating that the scaling
factor must be measured for each sample-standard pair. The
measurements directly on the microscope and from fluo-
rimetry data generally show good agreement, which confirms
that the calibration can be performed for instruments where
one has sufficient knowledge of the optical train to calculate
D(Aex, Aem)- Scaling factors for a number of fluorophores on
our microscope system are listed in Table S1 in Data S1, and
can be measured for any protein pair.

Supported bilayers are located near a substrate with sub-
stantial surface charge (~2000 e_/p,mz) (24), which may
affect the fluorescence of the lipid standards. The strength of
the electric field at the membrane due to the nearby charged
surface is reduced by the high ionic strength conditions of
most experiments involving proteins, and the majority of our
measurements are conducted in 25 mM Tris, 100 mM NaCl,
pH 7.5. (Using the same buffer for standards and sample is not a

[ 1Microscope measurements
[ Fluorimeter measurements

T T T T T T T
AlexaFluor568 anti-biotin | d ;
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eYFP-ICAM =
FITC anti-biotin =
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FIGURE 4 Scaling factors by microscopy and fluorimetry. Scaling fac-
tors, F, measured with protein and vesicle solutions on the microscope or in
a fluorimeter as described in Materials and Methods. The values above the
dashed line calibrate the indicated fluorescent protein to TR-DHPE bilayers
and those below to BODIPY-DHPE bilayers. Error bars represent the
standard deviation from at least three pairs of protein and vesicle samples.
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requirement, however, as the data for Fig. 1 are protein inten-
sities in a HBS/HSA buffer calibrated to lipid intensities in Tris.)

The results in Fig. 5 illustrate that supported bilayer in-
tensity and the calibration procedure for these fluorophores is
not sensitive to nearby charges. Vesicle samples can be made
to include nominally negative or positive lipids (DOPS or
DOEPC, respectively), which affect the membrane electro-
static potential. While up to 10 mol % of these lipids is
present, the fraction of lipids actually carrying a charge is
dependent on the pK, of the relevant titratable group, which
is in turn strongly affected by the presence of other nearby
surface charges (25). The independence of calibration and
membrane charge implies that the solution measurements
should be directly translatable to measurements near the
charged surfaces normally used for forming supported bila-
yers. Also, the emission of BODIPY and Texas Red vesicles
is not sensitive to the buffer ionic strength within our ex-
perimental range (data not shown). Consideration must also
be given to whether the chemical environment surrounding
the sample fluorophores will vary substantially within the
experiment. The general procedure is valid as long as this
does not occur.

When comparing anisotropically oriented fluorophores to
each other, it may be necessary to measure the extent of
transition dipole polarization. This polarization can occur
with some lipid-linked fluorophores in bilayers (see (26,27)
for examples) and potentially with protein samples as well.
This may introduce a systematic error to the method, in some
cases, but is analyzable in analogy to the cited references if
needed, though such corrections are not considered here.

Measuring TCR and ICAM density in
immunological synapses

As an application of this methodology, we image immuno-
logical synapses and bilayer standards with the exact same
illumination and acquisition parameters for each filter set,
calibrate the sample data, and compare it to standards that
span the appropriate fluorophore intensity range (10>—10°
wm? here). In place of the antigen-presenting cell, we inte-
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FIGURE 5 F is independent of electrostatic environment. Scaling factor
measured by fluorimetry between BODIPY anti-IgG and BODIPY-DHPE
vesicles with varying mol % of positive (DOEPC) or negative (DOPS)
lipids.
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grate Hiso-e YFP-intercellular adhesion molecule 1 (ICAM)
and Hisg-major histocompatibility complex loaded with
antigenic peptide into a supported bilayer using a nickel-
histidine linkage to DOGS-NTA-Ni lipids. The former pro-
tein interacts with leukocyte function-associated antigen
1 (LFA) and the latter with T-cell receptor (TCR), both on the
lymphocyte. Recent work shows that this His/Ni affinity-
based linkage promotes stable protein binding over hours,
and is suitable for immunological synapse formation (28).

We show simultaneous quantification of both lymphocyte
TCR density and bilayer ICAM density of a live immuno-
logical synapse with a supported bilayer in Fig. 1 b. The
former is visualized with Alexa568 anti-TCR F,;, fragments,
and the latter by the fused YFP moiety. We can directly
compare the distribution of both proteins on the same scale at
the same time. Using F = 0.9 = 0.1 to calibrate Alexa568
labeled anti-TCR IgG F,;, fragments to Texas-Red DHPE, the
average density of TCR at the center of the mature immu-
nological synapse is found to be 700 + 300 wm?. The total
number of TCR per synapse is ~40,000, in agreement with
previous estimates (29). For F = 0.81 = 0.08 to calibrate
eYFP-ICAM for BODIPY-DHPE bilayers, we find that
T-cells concentrate ICAM in the ring region to a density of
500 = 100 wm? versus a bulk concentration of 250 * 20 um?
outside the cell and 340 * 80 wm?® within the center of the
ring. The ICAM has a peaked concentration profile along a
line bisecting the ring (Fig. 1 ¢), and the above ratios com-
paring ICAM concentrations use the average density along
the peak of the ring, which has remarkably uniform average
protein density (Fig. 1 d). Since this experiment uses epi-
fluorescence illumination, the above TCR densities may in-
clude some internalized protein complexes, but this same
basic analysis may also be applicable to certain z-selective
techniques. Also, it is simple to analyze and minimize error
introduced by differential photobleaching of the sample and
standard fluorophores. This should normally add only single
percentage points of error for typical exposure settings (see
Appendix). The above numerical values are the averages of
16 cells with standard deviation.

This quantitative fluorescence method has the notable
advantage of not relying on radiolabeled antibodies, which
have been bound to vesicles before (11,30) or after (31)
supported bilayer formation for measurements of immuno-
logical synapse protein density. In the former case, proteins
that were accessible in vesicles may become inaccessible
against the glass, and in the latter the investigator still must
contend with regulatory hurdles associated with radioactiv-
ity. Furthermore, neither addresses in situ protein density on
individual cell surfaces.

DISCUSSION

Given the large number and variety of fluorescence micros-
copy-based experiments being conducted across the biolog-
ical and physical disciplines, the ability to accurately quantify
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fluorescence images adds an important degree of analysis.
A requirement for the routine implementation of quantitative
fluorescence microscopy is an easy way to create appropriate
fluorescent standards, and while some existing methods
make efforts to ensure that fluorophores are in the correct
chemical environment by coating them onto the surface of
polymeric microbeads, for instance, one cannot use these to
easily create large surfaces of uniform density. Likewise,
they do not offer a ready way to correct for lateral spatial
variations in microscope intensity, which supported bilayers
readily address in analogy to published methods (8). To-
gether with the bilayer standards, the calibration strategy
presented above is general with respect to sample and in-
strumentation, since the only requirements are that sample
and standard have at least some spectral overlap, quenching
and bleaching are minimal and understood, and F can be
measured either directly or by calculating an optical effi-
ciency function, ®(A .y, Aom) combined with fluorimetry data.

APPENDIX

Error due to differential bleaching of fluorophores

For two fluorophores with photobleaching half-lives 7; and 7,, the intensity
of each as recorded by the microscope will be

Ii:Ai/ eXp(_t/Ti)dt, (4)
0

where A; is a constant and 7 is the exposure duration.
If 7, = 7,, the ratio of measured intensities will always be A;/A, no matter
the exposure time. Otherwise the ratio will change with time according to

I, _Al Ty [exp(;—l‘) — 1}
I;_AZ.TZ.[exp(le‘)—l}, ®

and the fractional deviation from the initial ratio, &, will be

s e
LTI AN i Y ©)

o . -\ _ 1]
L) T2 |SXPA7,

which introduces an error when sample images are calibrated using F.
However, even if the fluorophore half-lives differ by a factor of 2 (7, = 27,),
4 is only 2.3% for an exposure ¢ = 0.17,, which is still a longer exposure time
than used here.

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this
article, visit www.biophysj.org.
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