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The authors present a simple and direct analysis method for the discrimination between different cell
populations in fluidic media. The methodology is based on analysis of single particle interphoton
burst recurrence times and has potential use in high precision single cell sizing and counting
applications. The approach requires registration of only a few hundred photons from single
fluorescent particles to distinguish between different molecular populations. The technique is simple
to implement and can be designed to extract information in real time within microfluidic
environments. © 2007 American Institute of Physics. �DOI: 10.1063/1.2435327�

Single molecule spectroscopy in solution is a relatively
nascent field of research but has become increasingly applied
to many contemporary chemical and biological problems.1–8

Over the past few years a number of techniques with suffi-
cient sensitivity have been developed to detect single mol-
ecules in solution. Scanning probe microscopies �most nota-
bly scanning tunneling and atomic force microscopies� have
been used to great effect in the analysis of surface bound
species,9 but for the detection of single molecules in liquids
optical methods incorporating the measurement of absorp-
tion and emission processes have proved most successful.
The approach used herein for analyzing single cells in fluidic
media integrates microfluidics with single molecule confocal
fluorescence spectroscopy incorporating femtoliter detection
volumes.

In order to assess the feasibility of interphoton burst re-
currence times initial studies were focused on the detection
of Escherichia coli �E. coli� cells expressed with various
types of fluorescent proteins. The vast majority of confocal
fluorescence spectroscopic experiments rely on binning pho-
ton burst scans into set intervals to allow observation of the
number of fluorescence photons arriving in each time inter-
val. Although this approach has proved to be valuable for
single molecule fluorescence based experiments, more infor-
mation can be obtained by registering and performing statis-
tics on individual photon arrival times. A number of research
groups have proposed a theoretical basis for the analysis of
individual photon arrival times from single molecules.10–13 In
this letter we present a technique that requires registration of
a few hundred photons from single particles to distinguish
between different molecular populations. This technique can
potentially be used to size, sort, and distinguish between dif-
ferent particles or cells within a microfluidic channel with
high precision and throughput.

A confocal spectrometer built in-house consisting of a
438 nm picosecond pulsed diode laser �PicoQuant GmbH�
was used for all experiments and was described in detail
elsewhere.5 A simple straight microfluidic channel design

consisting of one input and one output was used for all ex-
periments and fabricated in glass using previously described
methods.7 The microchannel was 60 �m wide, 20 mm long,
and 30 �m deep. All samples were delivered hydrodynami-
cally through the fluidic chip using a precision syringe pump
�PHD 2000, Harvard Apparatus, Cambridge, MA�.

Escherichia coli �E. coli� cells expressed with cyano,
green, and yellow fluorescent proteins �CFP, GFP, and YFP�
were synthesized according to the following procedure. E.
Coli, strain BL21 Gold �DE3�, containing the plasmid encod-
ing fluorescent proteins �Living Colors™ range, Clontech,
NJ� were grown to midlog phase in Luria-Bertani broth �LB
medium� �1% tryptone, 1% NaCl, 0.5% Bacto yeast extract�
containing 100 �g/ml ampicillin at 37 °C with shaking.
Cells were allowed to express the protein for approximately
16 h before harvesting by centrifugation at 3220�g for
10 min at 4 °C. Cells were washed twice before resuspen-
sion to a final concentration of approximately 108 cells/ml.

An example of a single cell photon burst scan for E. coli
expressed with GFP is shown in Fig. 1�a�. Each burst above
background threshold reports a single cell transversing the
detection probe volume. The volumetric flow rates within the
microfluidic channel were 2, 1, and 0.5 �l /min. The dwell
time in all cases was set to 100 �s. The background thresh-
old was determined to be 1.2 counts/bin and the average
photon burst signal intensity for a flow rate of 2 �l /min was
192 counts.

Significantly, variation of the fluorescent protein to ei-
ther CFP or YFP within the E. coli cells results in entirely
different burst characteristics when compared to GFP
�Fig. 1�b��. This effect arises due to the three fluorescent
proteins having different absorption cross sections at 438 nm
�excitation wavelength�. CFP and GFP have absorption cross
sections of approximately 5�103 M−1 cm−1 while YFP has a
cross section which is approximately 6 times lower. Sec-
ondly, burst height variations also originate from the fluores-
cent proteins having varying fluorescence quantum yields.
The fluorescence quantum yields for CFP, GFP, and YFP are
0.4, 0.6, 0.7, respectively. For the acquisitions shown in Fig.
1�b�, the average burst height for CFP was 127 counts with a
relative standard deviation �RSD� of 117%. The dwell time
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in all plots was 100 �s and the flow rate was constant at
1 �l /min. For GFP expressed cells under identical condi-
tions, an average burst contained 80 counts and the RSD was
112%. In both cases these values were calculated from 500
bursts over a 65 s period. Burst statistics are significantly
worse for YFP as a result of the low absorption cross section
at 438 nm. A total of 200 bursts could be detected within a
65 s period at an identical cell concentration. The average
burst height was 30 counts; however, the burst height devia-
tion was reduced to a RSD of 85%. This is most likely a
result of bursts being hidden in the background noise and as
such, not being identified as bursts. The threshold in all burst
scans was 3±0.3 counts; hence the signal to noise ratio in
YFP was typically not larger than 10.

A schematic of our interphoton burst recurrence time
approach is shown in Fig. 2. A picosecond laser pulse train
with a repetition rate of 10 MHz �100 ns spacing� is used to
excite cells within the detection probe volume �Fig. 2�a��.
Once an analyte species is excited within the detection probe
volume, molecular deexcitation can be achieved by either
emission of a photon or via nonradiative relaxation mecha-
nisms. Hence, a single laser pulse will not necessarily result
in a photon being emitted. This can be described in terms of
a two state system, and defines an “on” state if a photon is
registered and an “off” state if no photon is registered for a
given laser pulse. However, when a photon is registered its
arrival time relative to the first excitation pulse is recorded.
The acquisition card used for the current experiments �time-
harp 100, PicoQuant GmbH� has a time resolution of 37 ps

and a dead time of 100 ns, thus a maximum of one photon
can be registered from a single laser pulse within a 100 ns
time window. Each photon is assigned its arrival time,
t1 , t2 , . . . , tn, as shown in Fig. 2�b�. The time-tagged photons
are then binned into predefined intervals to extract the cell
photon burst scan, as shown in step Fig. 2�c�. From this scan,
the peaks are located and the background threshold is calcu-
lated. Since the background shot noise is expected to exhibit
Poisson statistics, the early part of the photocount distribu-
tion can be modeled to a Poisson distribution which sets a
statistical limit for the threshold. Photon counting events
above this threshold can be defined as photon bursts associ-
ated with the presence of single cellular events. The selected
peak discrimination threshold can be defined as three stan-
dard deviations from the mean background count rate, i.e.,

nthreshold = � + 3�� . �1�

A threshold that lies three standard deviations above the
mean background yields a confidence limit that is typically
greater than 99%. All photons not associated with a photon
burst or photons which are below the threshold are discarded
�Fig. 2�d��. The remaining time-tagged photons are extracted
into “photon bar codes” �Fig. 2�e�� and analyzed by calculat-
ing the time difference between consecutive photon arrival
times.

It will be shown that the photon bar codes for E. coli
cells expressing different fluorescent proteins and fluorescent
particles are distinguishable based upon a recurrence time
analysis. The recurrence times are calculated as follows: P is
defined as a unit vector containing all times a photon burst is
recorded �from Fig. 2�e��. From this vector �t is determined
by taking the difference between all consecutive points in
this vector, i.e., Rt�i�=P�i+1�−P�i�. The vector Rt contains
the complete list of time differences between consecutive
photons for a photon burst scan. This is then histogramed
into bins with a resolution of 100 ns to obtain the interphoton
burst recurrence frequency.

Examples of the normalized interphoton burst recurrence
frequencies versus time for E. coli cells expressed with GFP
are shown in Fig. 3. All curves are calculated from a photon
burst scan containing a minimum of 1000 cells. The flow
velocity through the microfluidic channel was varied be-
tween 0.5 and 5 �l /min. Two unique contributions arise
from the interphoton burst frequency plots. The decay be-

FIG. 1. �a� Representative single cell fluorescence burst scans for E. coli
expressed with GFP. The volumetric flow rates �left to right� are 2, 1, and
0.5 �l /min, respectively. �b� Representative single cell fluorescence burst
scans for E. coli expressed with CFP, GFP, and YFP �left to right�. The
volumetric flow rates in all the plots were 1.0 �l /min.

FIG. 2. �Color online� Schematic principle of the initial steps of an inter-
photon burst recurrence time analysis.
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tween 100 ns and 100 �s is a result of a contribution arising
from the photon arrival times associated with individual cel-
lular events �equivalent to tn− tn−1 in Fig. 2�e��. This contri-
bution has no dependence on the velocity of the analyte
through the detection probe volume. This is a result of the
interburst frequency being strictly dependent on the total
number of molecular events recorded per unit time. The sec-
ond contribution between 10 ms and 1 s is a result of photon
arrival times between different molecules �equivalent to
tm− tn in Fig. 2�e��. This contribution is equivalent to a Pois-
son recurrence time analysis between individual cellular
events.

Burst interval distributions are predicted to follow a
Poissonian model, in which peak separation frequencies
adopt an exponential form.5,14 This can clearly be seen if the
second contribution is modeled to an exponential decay
�Eq. �2�� describing the probability of a single cell event
occurring after an interval �t.

N��t� = � exp�− �t� . �2�

Here � is a proportionality constant and � is a characteristic
frequency at which single molecule events occur. The recur-
rence time �R can then be simply defined as

�R =
1

�
. �3�

For the current experiments, the recurrence time varies be-
tween 29 and 122 ms for flow velocities ranging from
1 to 10 �l /min.

In Fig. 4 the first contributions of the interphoton burst
frequency are shown for E. coli expressed with CFP, GFP,
and YFP and modeled to a biexponential decay. The time
constants and relative amplitudes are 267 ns �3.6� and 1.5 �s
�0.27� for CFP, 410 ns �1.9� and 1.7 �s �0.35� for GFP and
854 ns �1.0� and 3.4 �s �0.47� for YFP. The flow velocity
through the microfluidic channel was set at 1 �l /min and in
all three cases a minimum of 1000 bursts were accumulated
to calculate the decay. The distinct change in the decay pro-
file for cells expressed with different proteins provides a
simple method for distinguishing between different cellular
populations without performing full fluorescence lifetime de-
convolution. The differences in recovered decay constants

are largely due to differences in absorption cross sections and
fluorescence quantum yields as well as the excitation and
emission efficiencies. A large variation in these parameters
will result in drastically different interphoton burst decays.
This is clearly seen in Fig. 4 and indicates that this direct
analysis method is an ideal approach for discriminating be-
tween fluorophores embedded within cells for “on-the-fly
processing.” In principle, these experiments can be further
extended to perform single cell recognition with the imple-
mentation of a maximum likelihood estimator algorithm. By
integration of a multicolor detection system it would also be
possible to perform multiplexed experiments where the si-
multaneous detection of different types of fluorescent protein
would be possible.

In conclusion, this letter presents a technique that can be
used to discriminate between different cell populations. The
method uses single photon time tagging as well as interpho-
ton burst times to allow species discrimination in a real-time
fashion, and importantly, should have potential applications
in single cell sizing and cell counting with high precision.
The technique can also be used to determine event frequen-
cies and flow velocities via the second contribution.
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FIG. 3. �Color online� Normalized interphoton burst frequency for E. coli
expressed with GFP. The first contribution �left� arises from photons asso-
ciated with a single cellular event, the second from intracellular events.

FIG. 4. �Color online� Normalized first contribution of the interphoton burst
frequency for E. coli expressed with CFP, GFP, and YFP.
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