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Characterization of Brightness and Stoichiometry of Bright Particles
by Flow-Fluorescence Fluctuation Spectroscopy

Jolene Johnson, Yan Chen, and Joachim D. Mueller*
School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota

ABSTRACT Characterization of bright particles at low concentrations by fluorescence fluctuation spectroscopy (FFS) is
challenging, because the event rate of particle detection is low and fluorescence background contributes significantly to the
measured signal. It is straightforward to increase the event rate by flow, but the high background continues to be problematic
for fluorescence correlation spectroscopy. Here, we characterize the use of photon-counting histogram analysis in the presence
of flow. We demonstrate that a photon-counting histogram efficiently separates the particle signal from the background and
faithfully determines the brightness and concentration of particles independent of flow speed, as long as undersampling is
avoided. Brightness provides a measure of the number of fluorescently labeled proteins within a complex and has been used
to determine stoichiometry of protein complexes in vivo and in vitro. We apply flow-FFS to determine the stoichiometry of
the group specific antigen protein within viral-like particles of the human immunodeficiency virus type-1 from the brightness.
Our results demonstrate that flow-FFS is a sensitive method for the characterization of complex macromolecular particles at

low concentrations.

INTRODUCTION

Fluorescence fluctuation spectroscopy (FFS) uses the signal
fluctuations generated by individual fluorescent particles
passing through a small optical observation volume to char-
acterize the sample (1,2). Analysis of the intensity correla-
tion function, which is known as fluorescence correlation
spectroscopy (FCS), determines the concentration and
temporal properties of the particles (3). Photon-counting
histogram (PCH) and related techniques (4-6) extract
from the data the brightness and the average particle occu-
pation number within the observation volume. Brightness,
which is defined as the average fluorescence intensity of a
single fluorescent particle or molecule, encodes the stoichi-
ometry of a protein complex. This concept was experimen-
tally verified using green fluorescent protein (GFP) as a
marker and has been applied to study the concentration-
dependent oligomerization of proteins in living cells (7).
The same concept has been extended to dual-color bright-
ness studies of hetero-protein complexes in cells (8,9).
Although most studies have focused on cellular applica-
tions, brightness analysis is also valuable for the character-
ization of protein complexes in vitro (10). In fact, a recent
study demonstrated that FFS is a suitable in vitro technique
for the characterization of viral-like particles (VLPs) that
contain hundreds to thousands of copies of labeled proteins
(11). However, studying these large protein complexes pres-
ents a unique set of challenges that this article will address.

Biological particles, such as viruses and vesicles, are rela-
tively large and contain tens to thousands of proteins. These
particles can be hard to study using FCS, because they often
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exist at very low concentrations and diffuse slowly due to
their large size. Thus, particles are infrequently detected,
which necessitates very long data acquisition times to build
up the required statistics for FFS analysis. Often such exper-
iments cannot be performed, because the measurement time
is exorbitant. Flowing or moving the sample during data
acquisition is a simple method to significantly increase the
event rate of particles passing through the observation
volume (12). This article focuses on FFS measurements of
flowing samples, which we refer to as flow-FFS. We further
refer to FFS measurements on a resting sample as
stationary-FFS to contrast the two methods. Although the
effect of flow on the autocorrelation function is well known
(13), the influence of flow on PCH and brightness has not yet
been investigated. Here, we characterize flow-FFS and
demonstrate that brightness and concentration determined
by PCH analysis are unaffected by flow speed as long as
undersampling is avoided. We further provide guidance on
optimizing flow-FFS through the proper selection of flow
speed and sampling time.

Even in the presence of flow, FCS experiments at low
concentrations remain challenging. The fluorescence back-
ground of samples at subnanomolar concentrations often
overwhelms the contributions from the particles and conse-
quently reduces the fluctuation amplitude of the autocorre-
lation function. Differentiating between the particle signal
and the background based on the autocorrelation function
of a flowing sample is not feasible. Remarkably, PCH,
unlike autocorrelation analysis, has the capability of sepa-
rating the signal of sparse but bright particles from the back-
ground. This property of PCH is crucial for quantitative
characterization of the brightness and concentration of parti-
cles at very low concentrations. We characterize flow-FFS
on fluorescent microspheres flowing through a microfluidic
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channel in concentrations ranging from 1 nM to 10 fM.
Next, flow-FFS and stationary-FFS are applied to determine
the stoichiometry of the human immunodeficiency virus
type-1 (HIV-1) Gag (group-specific antigen) polyprotein
within VLPs. We demonstrate that flow-FFS determines
the stoichiometry from VLPs at lower concentrations and
at significantly shorter data acquisition times than for
stationary-FFS. This study establishes the utility of flow-
FFS as a sensitive tool to gain quantitative information
regarding the composition of complex macromolecular
particles.

MATERIAL AND METHODS
Experimental setup

The experiments were carried out on a modified two-photon microscope, as
previously described (7), using two-photon excitation at a wavelength of
905 nm. The fluorescent microspheres and VLPs were measured with a
Zeiss 63 x C-Apochromat water immersion objective (NA 1.2) with excita-
tion powers ranging from 0.1 to 1.0 mW as measured after the objective.
FFS data are acquired at sampling frequencies from 20 to 200 kHz, stored,
and subsequently analyzed with programs written for IDL version 6.4 (RSI,
Boulder, CO).

Stationary measurements were performed by loading 200 uL of solution
into an eight-well Nunc Lab-Tek Chamber Slide (Thermo Fisher Scientific,
Pittsburgh PA). Flow measurements were performed at the center of a
20-um-tall microfluidic channels with widths ranging from 20 to 200 um.
Constant pressure-driven flow was achieved using a syringe pump (Kent
Scientific, Torrington, CT). Flow velocities ranging from 2 to 44 mm/s
were measured at the center of the channel. Fabrication of the microchannel
devices and sample preparation of the microspheres and fluorescently
labeled VLPs are described in the Supporting Material.

Data analysis

The autocorrelation function of stationary-FFS measurements was fit to
a single species diffusion model,

i) = ¢0)(1 + /) 1)

This equation provided a sufficient approximation to determine the fluctu-
ation amplitude, g(0), and the diffusion time, 7p = w3/(4nD). This relation
allows us to calculate the diffusion coefficient, D, once the radial beam
waist, wp, is known. Because the experiments are conducted with two-
photon excitation, we set n = 2. In the presence of uniform flow with
velocity vg the autocorrelation function decays more quickly. FFS measure-
ments of flowing samples were conducted at flow speeds where diffusion
effects on the autocorrelation function are negligible, which we refer to
as flow-dominant FFS experiments. In this limit, the autocorrelation func-
tion is approximated by

(T/TF)2

Ge(1) = g(0)exp Tt/

= g(0)fe(r). (@

The autocorrelation function was fit with Eq. 2 to determine the flow time,
7 = wo/(+/n Vi), and the flow speed, vg, using n = 2. The flow time char-
acterizes the time it takes to cross the observation volume by flow alone.
Flow-dominated conditions were established by choosing flow times that
are at least 50 times shorter than the diffusion time, 7¢/7p <0.02.

The PCH function, py(k), is calculated by histogramming the photon
counts, k. The experimental PCH of flowing and stationary-FFS data is fit
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to an n-species PCH model, with each species characterized by its bright-
ness, A, and occupation number, N (4). Brightness is reported in units of
counts/s (cps). The occupation number, N, specifies the average number
of particles found within the optical observation volume, Vq, of the FFS
experiment. Each PCH fit was corrected for deadtime and afterpulsing of
the detector as previously described (14). Error analysis was carried out
as previously described (15). The concentration is calculated by
¢ =N/(Na X Vo)using Avogadro’s number, N, once Vo is known. The
fluctuation amplitude, g(0), is connected to the occupation number by
g(0) = v, /N. We used the shape factor (16) of a squared Gaussian-Lorent-
zian point spread function, v, = 3/16. The beam waist and observation
volume were determined with a calibration sample (see Supporting Mate-
rial). To determine the Gag copy number of VLPs tagged with yellow fluo-
rescent protein (YFP), the brightness of monomeric YFP, Aypp, was
determined as previously described (11). The brightness, A, of the VLP
sample determined by PCH analysis is then converted into the normalized
brightness, b = A/Aygp. The normalized brightness, b, specifies the YFP-
labeled Gag copy number.

THEORY

The introduction of flow changes the rate of the intensity
fluctuations, but the probability distribution and moments
of the photon counts remain unchanged, as long as under-
sampling is avoided. In this manuscript, we ensure the
absence of undersampling by choosing a sampling time T
that is faster than the characteristic timescale of fluores-
cence intensity fluctuations of the sample (6). Thus, the
shape of the autocorrelation function depends on flow, but
the PCH of the sample is independent of flow. Similarly,
the fluctuation amplitude, g(0), of the autocorrelation func-
tion is independent of flow. A derivation of these theoretical
results is found in the Supporting Material.

Event sampling of FFS

FFS relies on the statistics generated by particles crossing
the observation volume. A sufficient number of particle
events must be detected to ensure that the statistics of the
sample are representative of the parent population.
Although the minimum number of events required for FFS
analysis depends on a variety of experimental conditions,
we have found empirically that a minimum of ~1000
particle events are needed for the analysis of HIV-1 VLPs
(11). Fluorescent microspheres, on the other hand, only
require ~100 events for FFS analysis, as explained later.
We now estimate the event rate dN/dt for a stationary
sample (vg = 0) by modeling the process as a diffusion-
limited reaction,

dn,
7;):4WRODCNA, 3)

for particles at concentration ¢ with diffusion coefficient D.
The radius R is the characteristic radius of the observation
volume.

In the limit where flow is fast enough that diffusion
effects can be neglected, we may derive the event rate by
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calculating the number of particles pushed through the cross
section of the observation volume per time. The event rate
for a flow speed v is

dNr

?:Ao\)FCNA = TrRéVFCNA, (4)

where Ag = TR represents the cross-sectional area of the
observation volume.

To illustrate the effect of flow on the event rate, consider
HIV-1 VLPs with an average diameter of 130 nm. This size
corresponds to a diffusion coefficient of 3.3 um?/s based on
the Stokes-Einstein relation. The concentrated VLP samples
with ¢ = 20 pM in our experiment led to a stationary event
rate of dN /dt = 0.5 events/s as obtained by Eq. 2. A flow
rate of 2 mm/s increases the event rate to ~75 events/s.
Here, the ratio of the flow to the stationary event rate,
dNg/dNp, is 150. Because flow achieves a much higher event
rate, it significantly decreases the minimum data acquisition
time to collect a sufficient number of events. For example,
stationary VLP measurements require a measurement time
of ~30 min to collect 1000 events, whereas introducing a
flow of 2 mm/s reduces the time to 10 s.

RESULTS
Flow- versus stationary-FFS

To explore the influence of flow on FFS, we performed
experiments on a 1.5-nM sample of fluorescent microspheres
with a diameter of 100 nm. The sample was loaded into a mi-
crofluidic channel of width 50 um and height 20 um. FFS
data were collected with the focus at the center of the micro-
fluidic channel for 20 s at a sampling frequency of 200 kHz .
The first FEFS experiment was conducted with a flow speed
set to 9 mm/s at the channel’s center. At this speed, flow
dominates diffusion, and a flow-only model (Eq. 3) is used
to fit the autocorrelation function (Fig. 1 A). The flow time,
T, of 31 us determined by the fit returns a flow velocity
that agrees with the experimental value of 9 mm/s. Note
that the microspheres are sufficiently small to neglect their
finite size in FFS analysis (17). Next, we collected a second
data set on the same sample inside the channel, but this time
without flow. The autocorrelation function for the stationary
sample is shown in Fig. 1 A together with a fit to a single
species diffusion model. Using the calibrated beam waist,
the diffusion coefficient of the stationary spheres is 2.8 +
0.2 um?/s, which agrees with the value of 2.8 um?>/s pre-
dicted by the Stokes-Einstein relation.

The PCH py(k) values for the flowing and stationary
samples are identical within experimental uncertainty
(Fig. 1 B). Thus, the brightness and concentration deter-
mined by PCH analysis are independent of flow. This result
verifies that the probability distribution of the photon counts
and its moments are independent of flow, as discussed in the
Theory section. Consequently, the fluctuation amplitudes,
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FIGURE 1 Comparison between flow- and stationary-FFS. A sample of

spheres of 100-nm diameter at a concentration of 1.5 nM was measured
with and without flow at a sampling frequency of 200 kHz for 20 s. (A)
The autocorrelation functions for stationary (diamonds) and flowing (trian-
gles) samples are fit as explained in the text. A diffusion coefficient of
2.8 um*s was determined for the spheres of the stationary sample. The
flowing sample yielded a flow speed of 9 mm/s. The fluctuation amplitudes,
£(0), of the two samples were identical and correspond to a concentration of
1.5 nM. A brightness of 9.2 x 10° cps was determined from g(0) and the
average intensity. (B) The PCHs of the stationary (diamonds) and flowing
(triangles) sample fall on top of each other. Each PCH was fit to a single
species model ()(2 of 0.9 and 1.3). The brightness and concentration of
the stationary and flowing samples agree and correspond to ¢ = 1.5 =
0.1 nM and a brightness of (9.2 % 0.6) x 10° cps/sphere.

g(0), for the flowing and stationary sample also have to be
identical to those observed experimentally (Fig. 1 A).

Event sampling for flow- and stationary-FFS

Fluorescence fluctuation experiments were carried out on a
stationary sample with fluorescent microspheres (diameter
100 nm) at low concentrations (110 fM). Data was collected
for 160 s at 200 kHz. The intensity trace (Fig. S1 A in the
Supporting Material) exhibits one spike, indicating the
passage of one sphere during the experiment. This result
is consistent with an event rate of ~1/1800 s~ ' determined
by Eq. 2, with D = 2.8 ,umz/s, c=110fM, and Rp = 1 um.
It is clear that the number of events is insufficient for FFS
analysis. It would take approximately two days of measure-
ment time to acquire the minimum sampling population
for FFS analysis (~100 events). By applying flow to the
sample, the number of events greatly increases, as seen by
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the intensity trace (Fig. S1 B). Data were collected for 160 s
with a flow speed of 8.7 mm/s. The event rate for the flowing
sample (Eq. 3) is ~2 s~ ', which is more than a 1000-fold
increase compared to the stationary sample. The data
collected for 160 s contains more than 100 events, which
is sufficient for FFS analysis. The autocorrelation and
PCH curve are shown in Fig. 2 and will be discussed further
below. These experimental curves are reproducible when
repeating the measurement (data not shown), which indi-
cates that adequate sampling is achieved by the experiment.

The effect of background on FFS analysis

The autocorrelation function is fit to a flow-only model
(Fig. 2 A, solid line) with a flow time of 30 us, which agrees
with a flow speed of 8.7 mm/s. However, the value of the
fluctuation amplitude, g(0)=0.7, corresponds to a concen-
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FIGURE 2 Flow-FFS of a low-concentration sample. Fluorescent
spheres of 100-nm diameter at a concentration of 110 fM were measured
for 160 s at a flow speed of ~9 mm/s and a sampling frequency of
200 kHz. (A). The autocorrelation function of flowing spheres is shown
together with the fit to the theoretical model. The flow time corresponds
to a velocity of 8.7 mm/s which is in agreement with the expected value.
However, the fluctuation amplitude, g(0), differs from the expected value
by a factor of >1000, because background dominates. (B). PCH analysis
of a flowing sample is plotted with a two-species fit. The first species iden-
tifies the background, which has a very low brightness, contributes 99.3% of
the counts, and is the main source for the PCH, with k < 3. The second
species models the rare but bright spheres, and is represented by the tail
section of the PCH curve. The fit returns a brightness of ~10° cps/sphere
and a concentration of 107 fM, which agrees with the expected value based
on the dilution factor.

3087

tration of 3 nM, which is inconsistent with the expected
value of 110 fM. We will address this discrepancy after
discussing the PCH function. The PCH function (Fig. 2 B)
displays two distinct slopes pointing toward the presence
of two brightness species. One slope is steep and occurs at
photon count k < 3, which likely corresponds to a dim fluo-
rescent background from the sample. The second slope is
less steep and extends to large photon count numbers, as ex-
pected for bright particles. A single species fit fails to
describe the PCH function, but a two-species PCH fit
(reduced x*> = 0.9) reproduces the experimental curve
(Fig. 2 B). The first species has As = 1.03 x 10° cps and
Ng = 9.28 X 1076, which corresponds to a concentration
of 107 fM, in good agreement with the expected value of
110 fM. The second species has a much lower brightness
(Ag = 157 cps) and a higher concentration (Ng = 11.44)
than the first species and therefore describes the back-
ground.

Note that according to PCH analysis, the intensity of the
background (Fg = AgNp) is ~1800 cps, whereas the fluores-
cent spheres only contribute an intensity (Fs = AgNs) of
~10 cps to the fluorescence of the sample. We will use
subscripts B and S for the background and sample, respec-
tively. Let us evaluate briefly the influence of background
on FFS data. The autocorrelation function, gg(7), of the
sphere sample in the presence of background is (16,18)

)= (725 ) w040 + (525 ) mloi)
o)

Without background, the fluctuation amplitude of the
sample would be gg(7) = gs(0). The presence of a dim
background leads to a suppression of the fluctuation ampli-
tude, gr(7) < gs(0). In fact, if we insert the PCH fit param-
eters into Eq. 4 withg;(0) = v, /N;, we get 0.6, which is in
close agreement with the experimentally measured fluctua-
tion amplitude of 0.7 (Fig. 2 A). In other words, background
fluorescence is responsible for the reduction of the fluctua-
tion amplitude, which leads to incorrect brightness and
concentration values. Thus, PCH analysis can be used to
correct the influence of background on the g(0) value.
Note that it is impossible to separate the background
contribution from the sample by autocorrelation analysis,
because temporal correlations induced by background and
sample are identical for flow-dominated conditions. This
point will be discussed in more detail later. Although the
temporal correlations are identical, the brightness of the
background is much less than for the sample spheres.
PCH exploits the brightness contrast to separate the back-
ground signal from the sample. Because background
becomes a significant factor for ultralow sample concentra-
tions, we will rely for the rest of this article on the remark-
able ability of PCH to distinguish sample from background.
We have found that the brightness of the background of all
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samples studied in this article is sufficiently low, so that the
PCH of the background is indistinguishable from a Poisson
distribution. Thus, the experimental PCH is well approxi-
mated by convoluting the PCH from the particles with a
Poisson distribution for the background.

The effect of flow velocity on brightness
and concentration

As mentioned in the Theory section, the PCH, and therefore
the brightness and concentration, are not affected by flow
speed as long as undersampling is avoided. Here, we verify
this prediction experimentally by varying the flow speed
of a sample containing 100 nm fluorescent microspheres
at 1.5 nM concentration. All measurements are performed
at a sampling frequency of 200 kHz (T = 5 us). The speed
was varied by changing the flow rate of the syringe pump,
and the flow velocity was measured using autocorrelation
analysis. We also measured a stationary sample (vg = 0).
The brightness and concentration for each run was deter-
mined from a single-species PCH fit, as the background
contribution was negligible. Fig. S2 demonstrates that
brightness, A, and occupation number, N, are constant for
flow velocities ranging from 0 to 25 mm/s. However, under-
sampling leads to a reduction in the brightness and an in-
crease in the concentration at a flow velocity of 44 mm/s
(Fig. S2). Thus, the critical flow speed demarcating the
onset of undersampling effects is between 25 and 44 mm/s,
which corresponds to a flow time of ~10 us at a sampling
time of T = 5 us. Since undersampling depends on the
flow and sampling time, their ratio provides a useful indi-
cator for identifying undersampling conditions. Our experi-
mental result shows that undersampling effects occur for
7r/T < 2. We verified that this relationship remains valid
for sampling times other than T = 5 us (data not shown).
In other words, PCH accurately determines the brightness
and concentration, provided the data is sampled at least
twice as fast as the flow time. All experiments presented
in this article are conducted with 7g/T >2.

Brightness versus concentrations of flowing
particles

A dilution study was conducted on a flowing sample to
evaluate the concentration range over which brightness
and concentration are recovered by PCH analysis. A con-
centration of 100-nm spheres, which was initially 1.1 nM,
was successively diluted 10-fold between measurements.
Each sample from 1.1 nM to 1.1 pM was measured at the
same flow speed for 1 min. The 110-fM sample was
measured for 3 min, and the 11-fM sample was measured
for 10 min. The increased measurement time was necessary
to collect a sufficient number of events for statistical
accuracy. When necessary, the PCH was analyzed with a
two-species model to separate the sample brightness and

Biophysical Journal 99(9) 3084—-3092

Johnson et al.

concentration from the background fluorescence. Fig. 3 A
shows that brightness is independent of sphere concentra-
tion, as expected. In addition, the fitted occupation number,
Ng, is linear with concentration (Fig. 3 B). Experiments
cover the concentration range from 1.1 nM down to 11 fM.
Although it is possible to measure at concentrations lower
than 11 fM, the associated reduction in the event rate
requires either longer measurement times or higher flow
rates to ensure adequate sampling for statistical analysis
of the data.

Brightness and Gag copy nhumber of VLPs

In the past, our lab has prepared HIV-1 VLPs containing
YFP-tagged Gag and performed stationary-FFS measure-
ments to determine the stoichiometry of the YFP-labeled
Gag within the VLPs (11). These measurements present a
significant challenge because of the low event rate due to
low concentrations and slow diffusion. The measurement
time required to collect a sufficient number of events ranged
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FIGURE 3 Serial dilution study of fluorescent spheres by flow-FFS. A
sample of 100-nm fluorescent spheres at an initial concentration of
1.1 nM was successively diluted by factors of 10 and measured at a sampling
frequency of 200 kHz and a flow velocity of ~5 mm/s. The measurement
time was increased with decreasing concentration. Concentrations down
to 1.1 pM were measured for 1 min. At 110 fM and 11 fM the sample
was measured for 3 min and 10 min, respectively. PCH analysis determined
the brightness and occupation number of the spheres. (A) The brightness of
the spheres remains constant. (B) The occupation number, N, scales linearly
with concentration as expected. The error was determined from the standard
deviation of multiple measurements at each concentration (n = 6, except in
the case of 11 fM, where n = 3). Error bars are not visible if the symbol size
is larger than the error.
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from 30 to 60 min. Applying flow-FFS should significantly
shorten the measurement time and simultaneously increase
the number of events.

Flow experiments were performed on a 10-fold concen-
trated VLP sample. The brightness of monomeric YFP
was measured for calibration at the center of the channel
as previously described (11). The channel was then rinsed
with phosphate-buffered saline (PBS) and the concentrated
VLP solution was loaded. Pressure-driven flow was used
to obtain a flow rate of ~2 mm/s. This flow rate results in
an ~150x increase in the number of events compared to
stationary-FFS. Measurements were taken at 20 kHz for
80 s. Autocorrelation analysis was performed to determine
the flow velocity to ensure that undersampling is avoided.
The PCH of the data was fit to a single brightness species
model with a Poissonian background. However, this model
is insufficient to describe the data (reduced X2 > 20), which
indicates the presence of brightness heterogeneity of the
VLP sample. We added a second brightness species to the
model, which resulted in a good description (reduced
x? < 2) of the data (Fig. 4). The majority of photon counts
with £ < 3 account for the background, which contributes
~90% of the signal, whereas the long tail at low p(k) repre-
sents the VLP signal. Our result agrees with the published
stationary-FFS study, which also identified two brightness
species (11). The two brightness species were interpreted
as an approximation of a brightness distribution of the
VLP sample by the PCH fit. Thus, the two brightness
species point toward a distribution of Gag copy numbers
of the VLP sample. The previous study also observed that
changing the amount of plasmid used in the transfection
of cells resulted in brightness changes of the VLPs. A higher
amount of plasmid resulted in increased brightness values
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FIGURE 4 PCH of flowing VLPs. HIV-1 VLPs collected from cos-1
cells transfected with 2.1 ug of DNA and concentrated in PBS were
measured at a flow velocity of 2.2 mm/s for 50 s at a sampling frequency
of 20 kHz. (Upper) The PCH (diamonds) and fit (line) to a two-species
model with Poissonian background (XZ = 1.1). (Lower) Normalized resid-
uals of the fit. The background contributes 88% of the photon counts and
dominates the PCH for k < 3. The VLP events are captured by the long
tail of the PCH curve. The first brightness species corresponds to a Gag
copy number of 1300 with a concentration of 20 pM. The second brightness
species corresponds to a copy number of 3900 and a concentration of 3 pM.
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for the two species, which reflects a change in the Gag
copy number distribution. We confirmed this dependence
of the two brightness species on the amount of transfected
plasmid by flow-FFS (data not shown).

Because the properties of the VLPs depend on the sample
preparation conditions, a direct comparison between this
and the former study is difficult. We therefore performed
stationary VLP measurements in addition to flow-FFS on
the same sample to directly compare the two methods. A
10-fold concentrated VLP sample was measured by flow-
FFS with a flow speed of 2 mm/s for 80 s at 20 kHz. A
two-species fit with Poissonian background describes the
PCH data within experimental uncertainty. The uncertainty
of the fit parameters was established by repeated measure-
ments (n = 5) of the same sample. Gag copy numbers of
the two fitted species are determined from the normalized
brightness, as described in the Materials and Methods
section. Next, the same 10-fold concentrated sample was
measured in the absence of flow for 30 min at 20 kHz. Auto-
correlation analysis returned a diffusion time that corre-
sponds to a VLP diameter of 130 = 10 nm, in agreement
with previously reported numbers (11). PCH analysis
required two brightness species with a Poissonian back-
ground to describe the experiment. The Gag copy numbers
and concentration of the stationary and flow-FFS measure-
ments agree with one another (Table 1).

The cell supernatant contains VLPs, which are subse-
quently concentrated 10-fold into PBS. To test whether it is
possible to avoid the time-consuming concentration step,
we measured the cell supernatant by flow-FFS. The cell
medium of the supernatant presents a challenge as the back-
ground can be greatly increased from the concentrated
sample. For the medium tested (DMEM without phenol
red), the background intensity increased by a factor of ~3
from the concentrated sample. The VLPs in cell medium
were measured under flow (vg = 2 mm/s) at 20 kHz with
a collection time of 160 s. Autocorrelation and PCH analysis
were performed as described above. Again, a two-species
model with Poissonian background was required to fit the
PCH data. The copy numbers agreed with the values obtained
for the 10-fold concentrated sample (Table 1). The concentra-
tions of the original and concentrated samples differed by
a factor of ~10, at the same time retaining the same concen-
tration relationship between the two VLP species. Measure-
ments of nonconcentrated VLPs in cell medium were also
performed for different types of cell medium, including
DMEM with phenol red. Although phenol red increases the
background counts by a factor of 10, the copy numbers and
concentration returned were consistent with measurements
of samples concentrated into PBS. Taken together, our results
indicate that characterization of VLPs by flow-FES not only
is feasible, but also offers significant advantages over
stationary-FFS. VLPs can be measured directly in cell super-
natant without concentrating the sample, using much shorter
data acquisition times than required for stationary-FFS.

Biophysical Journal 99(9) 3084-3092
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TABLE 1 Gag copy number and concentration of VLPs

Acquisition Gag copy No., Gag copy No., Concentration, Concentration,
Sample preparation time (s) species 1 species 2 species 1 (pM) species 2 (pM)
10x concentrated, PBS, stationary 1800 1370 = 400 4000 = 1000 16 = 4 3015
10x concentrated, PBS, flowing 50 1320 = 100 4200 = 400 18 =3 3.0 £ 0.5
1x concentrated, cell medium, flowing 160 1350 = 200 4000 + 600 20 =04 04 =02

HIV-1 VLPs were collected from the supernatant of cos-1 cells. The 10-fold concentrated sample was measured multiple times (n = 5) with and without flow.
In addition, FFS measurements (n =5) were also performed directly on the unconcentrated cell supernatant. FES analysis determined the concentration and
Gag copy numbers together with their standard deviations. The table also lists the data acquisition time. Flow greatly reduces the measurement time, at the
same time returning FFS results in agreement with stationary measurements.

DISCUSSION

The experimental results establish that flow-FFS offers
significant advantages over conventional FFS of bright
biomolecular particles at low concentrations. Here, we
briefly discuss the main factors that need to be considered
in flow-FFS. Flow increases the event rate of particle detec-
tion, which is widely exploited for the measurement of
samples at low concentrations. However, even in the pres-
ence of flow, FCS experiments of bright particles at low
concentrations remain challenging because of background
fluorescence. Because flow-dominated FCS cannot distin-
guish particles from background, an independent FCS
measurement of the background could potentially serve
as a calibration, which may be used to correct the sample
from the background effect. Unfortunately, even if it is
possible to prepare a calibration sample for the background,
this experimental strategy is, from a practical point of view,
impossible. To illustrate the problem consider a sample with
1050 cps. If the background from the calibration sample is
1000 cps, then 50 cps are by calibration from the bright
particles, which leads to a correction factor for g(0) of
440. However, let us assume that the actual background of
the sample is 1040 cps, which just differs from the calibra-
tion sample by 4%. The correction factor for g(0) is now
11,000. Thus, 4% uncertainty in the background signal leads
to a 25-fold difference in estimating g(0). Because of the
inherent variability of biological sample preparations and
the slight variations from measurement to measurement, it
is clear that the required accuracy of the calibration
approach cannot be achieved.

Because it is currently impossible to incorporate back-
ground into the analysis of sparse but bright particles, an
alternative analysis was introduced that is based on fluores-
cent peak detection and uses a threshold to distinguish
signal from background (12,19,20). Although it has been
shown that the particle concentration is proportional to the
area under the peaks, quantitative modeling of the peaks is
still under development and brightness analysis is not yet
feasible.

This article introduces the first method capable of quanti-
fying sparse but bright particles in the presence of back-
ground. PCH distinguishes background from particles by
the shape of the photon-count distribution. Because the
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theory of PCH is known, the concentration and brightness
of the particles is determined from an analysis of the photon
count distribution. It is further possible to detect heteroge-
neity in the brightness of the fluorescent particles using
PCH, as demonstrated for the VLP sample. Because PCH
determines the background from a measurement of the
actual sample, any uncertainty associated with a calibration
measurement is avoided. PCH solves the problem associated
with fluorescence background, and thereby provides quanti-
tative interpretation of g(0), brightness, and concentration of
bright particles at low concentrations.

Because we perform quantitative PCH, a minimum
number of events are required for a statistically meaningful
analysis. Although it is difficult to pinpoint the exact num-
ber of events necessary, the following observations might
provide a useful starting point. We have found that a
minimum of ~100 events is suitable if the particles are of
uniform brightness. However, in the presence of brightness
heterogeneity, such as encountered for the VLPs, ~1000
events are needed to identify two brightness species. The
data acquisition time is determined by dividing the number
of events by the event rate, which is proportional to the
particle concentration and the flow speed. Thus, in our
case it takes ~5 min to acquire 100 events for a concentration
of 10 fM at a flow speed of 20 mm/s.

Itis tempting to increase the flow speed, because it reduces
the data acquisition time. However, this approach is not suit-
able in the presence of a significant amount of background
counts. To illustrate the problem, consider particles at a
concentration of 1 pM (N = 8 x 10~°). Each particle carries
500 copies of YFP, and each YFP has a brightness of 300 cps.
Although the brightness of the particle is 150,000 cps, the
intensity of the particles is only ~10 cps. If the background
is 1000 cps, the background constitutes 99% of the measured
signal (fg = 0.99). PCH needs to separate the signal of the
particles from the background. For this to occur, the presence
of the fluorescent particles has to add a component to the
PCH that clearly distinguishes it from Poisson-background.
Here, the sampling time becomes important, because devia-
tion from the Poisson distribution depends on ¢, which in the
absence of undersampling is given by ¢ = AT (6). To maxi-
mize ¢, it is necessary to select the longest sampling time
that avoids undersampling, which for flow is T = 7g/2.
Thus, the maximum photon counts/particle depends on the
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flow speed (¢ = Atg/2), which leads to a trade-off between
maximizing ¢ and minimizing the data acquisition time.

The significance of ¢ becomes apparent by continuing to
examine our earlier example of particles with brightness of
150,000 cps at a concentration of 1 pM with 1000 cps from
background. A flow speed of 2 mm/s leads to an optimal
sampling frequency of 20 kHz, which implies a mean of
(k) = 0.05 for the Poissonian background and ¢ = 7.5 for
the particles. We modeled the PCH of this sample (Fig. 5,
squares). The deviation from the Poisson of the background
(Fig. 5, dashed line) is evident and ensures a clean identifica-
tion of the particle properties by PCH analysis. Now consider
a 10-fold increase in the flow speed. The sampling frequency
increases to 200 kHz, which results in (k) = 0.005 for the
background and ¢ = 0.75 for the particles. The modeled
PCH of the sample (diamonds) is now almost indistinguish-
able from the Poissonian background (Fig. 5, dashed line).
This example demonstrates the importance of the photon
counts per sampling time, ¢, for separating the particle signal
from the background. The parameters chosen in this example
are close to the actual parameters found in the VLP experi-
ments, which explains why a flow speed of 2 mm/s was adop-
ted for our measurements. The minimum value of ¢ required
for characterizing particles depends on the background level,
the particle concentration, and the data acquisition time. The
appropriate value for ¢ is best discovered by performing the
same type of modeling as discussed above (see Fig. 5) using
estimated parameters for the brightness and background
counts of the system in question. As a rule of thumb, ¢ > 1
is typically required to distinguish the sample from the Pois-
sonian background.

Although the average intensity of the flowing sample is
very low, the passage of a particle results in a spike of the
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FIGURE 5 Modeled PCH curve at two sampling frequencies. The PCH
for particles with a brightness of 1.5 x 10° cps at 1 pM concentration
(N =8 x 107°) in the presence of a Poissonian background of 1000 cps
were modeled for two different sampling frequencies. The PCH (squares)
for a sampling frequency of 20 kHz provides a clear separation of the
sample from the Poissonian background (dashed line). However, a sampling
frequency of 200 kHz results in a PCH (diamonds) that is almost indistin-
guishable from the Poissonian background (dashed line). Thus, successful
separation between sample and background by PCH requires careful
consideration of the sampling frequency (for details, see text).
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intensity. These transient intensities are high enough that
deadtime and afterpulsing artifacts of the detector need to
be taken into account in PCH analysis (14). In addition,
the peak intensities may be high enough to saturate the
detector, which in our case occurs at ~107 cps. In fact, exper-
imental conditions where the VLP and microspheres lead to
saturation are easy to achieve, and we have encountered
such cases in our work. Under saturating conditions, the
PCH curve p(k) exhibits a cutoff in k, which corresponds
to the saturating intensity. In addition, the measured PCH
deviates significantly from the model function. We avoid
saturation by reducing the excitation power at the sample.
In this article, we choose conditions where the maximum
photon count, kygax = FpimicZ, observed in the PCH function
corresponds to intensities of no more than Fp i = 2 X 10°
cps. Because the PCH correction algorithms for deadtime
and afterpulsing have previously been tested up to intensi-
ties of 2 x 10° cps (21), the PCH analysis of flowing parti-
cles is expected to be free of systematic artifacts. As an
additional test, we measured a flowing sample as a function
of excitation power and calculated its brightness and
concentration by PCH analysis. For peak intensities up to
2 x 10° cps, the brightness scaled with the square of the
excitation power, whereas the concentration remained
constant (data not shown). This result confirms that under
our experimental conditions, PCH analysis is well behaved.

As mentioned earlier, flow together with fluorescence
peak analysis has been used to detect bright particles at
low concentrations and estimate their concentration. A
distinct advantage of flow-FFS is the ability to not only
measure the concentration, but also provide information
about the protein copy number of rare but bright particles.
Our earlier study of HIV-1 VLPs by stationary-FFS estab-
lished that the Gag copy number of VLPs is heterogeneous
and depends on the sample preparation conditions. The
reason for this complex behavior of Gag stoichiometry is
not currently understood and requires further investigation.
In the past, every VLP sample had to be concentrated
10-fold to reduce the minimum acquisition time required
for PCH analysis to 30 min. The time-consuming procedure
of preparing and measuring VLPs severely limits our ability
to systematically investigate the factors that influence
Gag stoichiometry. We have shown that flow-FFS provides
the same information regarding Gag stoichiometry as
stationary-FFS, but in <5 min of measurement time and
without concentrating the sample. Thus, flow-FFS presents
an attractive alternative for the future characterization of
VLP stoichiometry. The only disadvantage of flow-FFS
compared to stationary-FFS is the lack of information
regarding diffusion, which is useful for determining the
size of VLPs.

The highest Gag copy number achieved in the previous
study of HIV-1 VLPs is ~2500, whereas theory predicts a
maximum of 4000-5000 (11). In this article, we not only
increased the statistical accuracy of the results, but also
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succeeded in measuring copy numbers that approach the
theoretical limit. The variability in Gag copy number with
sample preparation requires further study. Note that relating
brightness and copy number assumes the absence of fluores-
cence quenching in the VLP particles. This has been
confirmed by a series of experiments described in the orig-
inal publication (11).

Although this article focused on viral particles, flow-FFS
is suitable for the characterization of any bright fluorescent
particle, provided it contains a sufficient number of fluores-
cent labels. With our current setup, ~50 YFP-labeled
proteins/particle are needed to separate signal from back-
ground at picomolar concentrations, but further technical
improvements might increase the sensitivity of the tech-
nique. Particle size is another factor that needs to be consid-
ered. The VLPs are small enough that their finite size can be
ignored in FFS analysis. However, particles that approach
the size of the observation volume require analysis models
that take size into account (17).

We have shown that flow-FFS accurately determines the
brightness and concentration of particles at low concentra-
tions. This study has successfully employed flow-FFS on
concentrations as low as 10 fM. Furthermore, we have
shown that measurement of rare but bright particles requires
flow, which increases the event rate of particle detection,
and PCH analysis, which separates the particle signal
from background. This article contains detailed information
on selecting experimental parameters and provides guide-
lines for conducting flow-FFS experiments. We emphasize
that brightness is a unique parameter, because it identifies
the copy number of labeled proteins within a particle.
Specifically, we determine the HIV-1 Gag copy number of
VLPs at picomolar concentration. This work demonstrates
that flow-FFS is a promising method for extracting quantita-
tive information about the composition of large supramolec-
ular complexes.

SUPPORTING MATERIAL

Materials and methods, two figures, and references are available at http://
www.biophysj.org/biophysj/supplemental/S0006-3495(10)01053-2.

This work was supported by a grant from the National Institutes of Health
(GM64589).
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