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We describe a technique for rapidly discriminating between single-cell populations within a flowing microfluidic
stream. Single-cell time-correlated single-photon counting (scTCSPC) as well as photon burst spectroscopy
are used to characterize individuabkcherichia colicells expressed with either green, cyano, or yellow
fluorescent protein. The approach utilizes standard confocal fluorescence microscopy incorporating femtoliter

detection volumes. The measured burst width characteristics are predominately governed by the fluorescence
quantum yield and absorption cross section of the proteins used. It is these characteristics which were used

to distinguish between cells with high precision. By utilizing scTCSPC individual fluorescence lifetimes
originating from single cells could also be determined. Average fluorescence lifetimes are determined using
standard deconvolution procedures. The simplicity of the approach for obtaining well-defined burst width
distributions is expected to be extremely valuable for single-cell sorting experiments.

Introduction solution environments. The approach utilizes standard confocal
I . " . fluorescence microscopy incorporating femtoliter detection
Significant advances in ultrasensitive detection of fluorescent volumes. Photon burst and time-correlated single-photon count-
mole_cules in liquids at room temperature have_ been_mao_|e smcemg (TCSPC) measurements of single cells are used to provide
the first su.ccessful d_etectlon of smgjeglobghn. annpodles differentiation mechanisms between different cell types. The
(labeled W'?h approxmatgly 100. fluorescein |soth|ocyan§1te ability to extract time-resolved (or fluorescence decay time)
”?O'ecu!e_s) in 1976.In the Intervening years, deyelopments N"“information when performing detection at the single-molecule
high-efficiency photon detectors, high-quality optics, and sample level is a relatively new development and allows high-

handling techniques have enabled the detection of a wide Varietyinformation content measurements to be made on extremely
of species at extremely low analytical concentrations. These short timescale&-17

advances and a recognized need for rapid, on-line measurements The motivation behind the current studies is to improve and

ztetg)(\:lrioioﬂginfgitrln?jn;c?:;ginmeiﬁqnto';?:;czlt;irgg; Sltiecr;:g\r/llt?/n simplify existing methods used for single-cell sizing, counting,
o . 9 4 P PP and recognition. Conventional fluorescence-activated cell sorters
biological and chemical analysis? : L .
A h ber of disti h i dare highly efficient; however, they are mechanically complex,
tpresent, there are a number of distinct approaches applied e ire heavy maintenance, and most importantly are costly.

to the detection of single fluorophores in solutfioR A popular e fiyorescence-activated cell sorter (FACS) is the most
method to achieve single-molecule detection sensitivity adomscommon commercially available cell-sorting technique. To
the principle of confocal detectidi§-12 In this, a femtoliter prepare a cell mixture for sorting in a FACS, cells in a

probe .volu.mt.a is defined by a TOCUSEd laser beam (r)ear thesuspension are reacted with a fluorescent moiety. Once labeled,
diffraction limit) and a confocal pinhole. As a molecule diffuses " alls are forced to flow rapidly and in single file through
through_this volume it may emit a burst of fluoregcence Photons yhe FACS toward a detector, where discrimination is based on
(assuming t.hf'ﬂ the molecule possesses a high quor§§cenC% specific optical characteristic (such a color). Up to 30 000
quantum efficiency and low photodegradation rate coefficient), o1/s can be discriminated in modern FACS sorters. Replacing
whlch_can be collected an_d _de_tected. Importantl_y, the use of conventional approaches with microfluidic systems can result
fem_tohter probe volumes miNimIzes backgrounq signals, which not only in higher throughput but also reduced costs and sample
originate from Raleigh and Raman scattering by splvent requirements. Inexpensive devices that rapidly sort live cells,
molecules, due to the reduced number of such molecules in Sma”particles, and even single molecules would greatly facilitate
volumeg. o screening of combinatorial chemistry libraries or cell popula-
In this publication we develop the concept of confocal {ions. Moreover, such devices would have wide applications in
spectroscopy to define a simple analysis method that can begjinical medicine and basic biological and materials research.
used to size and distinguish between cells in freely flowing  Recently, there has been interest in integrating cell chemistry
with microfluidics 1819 Several examples are as follows. Hatch
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TCSPC ca,d] normal to the surface of the optical table. An infinity-corrected,
high numerical aperture (NA) microscope objective (Fluar
s SPAD 100x/1.3 NA, oil immersion; Carl Zeiss Ltd., Welwyn Garden
detector City, U.K.) brings the laser light to a tight focus within a

—|— 50 um pinhale microfluidic channel. The laser spot was focused in the center
+50.0 F <==mm of the fluidic channel (depth and width) removing the possibility

of measuring fluorescent signals and lifetimes associated with
Emission filter any surface-bound species. Fluorescence emitted by the sample
attenuation  0-5% beam (within the microfluidic channel) is collected by the same high

fiter __expander NA objective and transmitted through the same dichroic mirror.
‘”:f. ’L"’I"“'“d l dichroic Light is then passed through an emission filter (515EFLP;
lode laser | I

| miror Omega Optical) to remove any residual excitation light, and a
L plano—convex lens £50.2 F; Newport Ltd.) focuses the
fluorescence onto a 5@m pinhole. The pinhole is positioned

i in the confocal plane of the microscope objective and directly

microfluidic chip below a silicon avalanche photodiode operating in single-photon

Figure 1. Schematic diagram of the component-based confocal counting mode (SPCM-AQR-131; EG&G Canada, Vaudreuil,
detection optics. Quebec, Canada). The detector dark count rate on average is

approximately 100 Hz. The precision pinhole is mounted on
windows integral to the flow channels were used to intercept an XYZ translation stage to allow for fine adjustment of the
the sample streams with a tightly focused diode laser probe incoming radiation. The electronic signal from the detector is
beam. The size and structure of the blood cells passing throughcoupled to a multichannel scalar (MCS-PCI; EG&G), running
the laser beam determined the intensity and directional distribu-on a Pentium PC as well as to a TimeHarp 200 time-correlated
tion of the scattered light generated. Kamholz et al. have also single-photon counting card (PicoQuant GmbH, Berlin, Ger-
demonstrated the use of microfabricated silicon flow channels many) running on a separate Pentium PC.
and laser light scattering for the differential counting of  Escherichia coliCells. Escherichia colicells expressed with
granulocytes, lymphocytes, monocytes, red blood cells, and fluorescent proteins were synthesized according to the following
platelets, in blood samplé$The microfabricated flow cytom-  procedureEscherichia colistrain BL21 Gold (DE3), containing
eter described used hydrodynamic focusing within the micro- the plasmid encoding fluorescent proteins (living colors range,
structure and enlarged optical probe volumes to improve Clontech, NJ) were grown to midlog phase in LB media (1%
molecular detection efficiencies. More recently, Wheeler et al. tryptone, 1% NaCl, 0.5% Bacto yeast extract) containing 100
have developed a novel microfluidic device for the analysis of yg/mL ampicillin at 37 °C with shaking. Isopropy|3-p-1-
single cells that is constructed from polydimethylsiloxane using thiogalactopyranoside (IPTG) was added to a final concentration
multilayer soft lithography. The microfluidic network enables of 1 mM, and the temperature was lowered to®80 Cells were
the passive and gentle separation of a single cell from the bulk allowed to express the protein for approximately 16 h before
cell suspension. In addition, Fu et al. have designed a disposablénarvesting by centrifugation at 32@€or 10 min at 4°C. Cells
microfabricated fluorescence cell sorteFACS) for sorting  were washed twice in 0.1 culture volumes resuspension buffer
various biological entitied? Their uFACS chips resulted in  (0.14 M NaCl, 1 mM EDTA, 15% glycerol, 10 mM NBPO,/
overall higher sensitivity, no cross contamination, and lower NaH,PO, pH 7.2) before resuspension to a final concentration
overall running costs when compared to those of conventional of approximately 18 cells/mL. Cyano, green, and yellow
cell-sorting techniques. The authors were able to successfullyfluorescent protein were imbedded in all cells. The excitation
separate a diversity of fluorescent particles and Bistherichia  and emission spectra of these proteins are shown in Figure 2.
coli (E. coli) cells expressed with green fluorescent protein from v ofiuidic Device Fabrication and Operation. Glass

nonfluorescing cells. Unfortunately, this approach is limited to | ..~ofluidic devices were purchased from Micronit (Enschede,

the f,SePaFa“OQ t?f tW(; d|f|ferent types o_lf_hcells d‘?'“e g to t};)e 4The Netherlands) and comprised a thermally bonded structured
configuration of the confocal spectrometer. The studies described s syhstrate containing the microchannel network. A simple

herein extend these ideas by utilizing the photon burst Charac'straight channel microchip design consisting of one input and

teristics of single cells as a means of distinguishing between ;. output was used for all experiments described herein. The
them. channel widths were 6@m wide, the channel length was 20
mm, and the channel depth was a@n. Coverplates were
bonded to etched substrates by heating in a high-temperature

Confocal Spectrometer. The confocal spectrometer was ©Ven toa maximum of 61€C. The top plate was then optically
custom built (Figure 1) and incorporated a 438 nm picosecond Polished down to a thickness 6f150um. Optical polishing of
pulsed diode laser (PicoQuant GmbH, Berlin, Germany). The the coverplate was performed to reduce the substrate thickness
diode laser was driven with a PDL 800-B driver also from below the working distance of the microscope objectiv&§0
PicoQuant. The driver unit contains a built in pulse generator pm).
which produces a master frequency of 40 MHz that can be Fluorescent cells were hydrodynamically delivered through
divided by factors of 1, 2, 4, 8, and 16 to produce selectable the microfluidic channel network using a syringe pump (PHD
frequencies of 40, 20, 10, 5, and 2.5 MHz. Beam-steering 2000, Harvard Apparatus, Cambridge, MA) at volumetric flow
mirrors (BK7 glassA/10 surface flatness, reflectivity 99%; rates between 100 nL/min and Z0/min. The detection region
Comar Instruments, Cambridge, U.K.) were used to control the was approximately 10 mm downstream of the inlet hole. Both
beam height as well as beam direction. A dichroic mirror (470 time-resolved and time-integrated measurements involving GFP,
DRLPO02; Omega Optical, Brattleboro, VT) is oriented at 45 CFP, and YFP were performed using the 438 nm pulsed diode
to reflect the laser beam radiation and so define a vertical axis, laser at a repetition rate of 10 MHz. The laser beam intensity

Experimental Section
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Figure 2. Excitation and emission spectra of cyano, green, and yellow Figure 4. Burst width distributions fotE. coli expressed with CFP,
fluorescent protein. The emission maxima are 470, 504, and 525 nm GFP, and YFP. The flow velocity wasL/min.
for the cyano, green, and yellow proteins, respectively.

respectively. YFP has an absorption cross section which is

was attenuated with a polarization filter as required to obtain @PProximately 6 times lower than that of GFP. With this in mind,
an average count rate of 20 000 cps. It was important for a @1d assuming the cells are expressed with identical protein
constant excitation wavelength to be used in the analysis of concentrations, the measured burst heights are expected to be
different fluorescent proteins, so as to allow direct comparison different. A secondary effect on the burst height originates from
of photon burst characteristics in subsequent analysis. The 43gvarying fluorescence quantum yields. The fluorescence quantum
laser line was chosen as both CFP and GFP have an appreciabl¥i€lds for CFP, GFP, and YFP are 0.4, 0.6, and 0.7. For the
absorption cross section at that wavelength. This laser line was&cquisitions shown in Figure 3, the average burst height for
also used to excite YFP as the onset of absorption occurs atCFP was 127 counts with an RSD of 117%. The dwell time in
approximately 430 nm (albeit with a much reduced absorption &l plots was 10Qus, and the flow rate was constant atll/
cross section). min. For GFP-expressed cells under identical conditions, 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. A
The volume of anE. coli cell can be approximated by a total of 200 bursts could be detected within a 65 s period at an
cuboid with dimensions of m x 1 um x 2 um. This results identical cell concentration. The average burst height was 30
in an internal volume of approximately 2 fL. The final counts; however, the burst height deviation was reduced to an
concentration of GFP in solution is approximately A&/mL. RSD of 85%. This is most likely a result of bursts being hidden
This directly results in the concentration of GFP within a cell in the background noise (which therefore cannot be identified
being approximately 7500g/mL. GFP is a protein consisting  as bursts). The threshold in all three burst scans w#s(33
of 238 amino acids and has an approximate molecular weight counts; hence the S/N in YFP was typically not larger than 10.
of 27 or 30 kDa. Accordingly, it can be deduced that there are  Flow-dependent burst width histograms of tBecoli cells
a maximum of 500 fluorescent proteins per single cell. exhibit expected trends, i.e., average burst widths and recurrence
Varying the protein type within th&. coli cells results in times decrease with increasing volumetric flow rate. More
entirely different burst characteristics (Figure 3). This is interesting observations are made in the analysis of burst width
attributed to several factors. First, the absorption cross sectionshistograms. Such histograms are displayed in Figure 4 and are
of each cell type are markedly different at 438 nm. CFP and a result of an accumulation of 200 bursts. The flow velocity in
GFP have cross sections o6 x 10°and~5 x 18 M~1cm1, all three cases was kept constant @l Imin. The distributions

Results and Discussion
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Figure 5. (Top) Burst width histogram for a mixture of 33% of each of CFP, GFP, and YFP (diamonds). The deconvolved distribution is represented
by a dashed line. (Bottom) Component distributions for CFP, GFP, and YFP.

are normalized so as to allow for a direct comparison between A clear benefit of this approach is that no separation or sorting
the different cells. The CFP and GFP histograms are similar in methods are required to distinguish between cell populations.
shape due to the absorption cross sections and fluorescenc&he majority of microfabricated cell sorters reported in the
guantum yields being virtually identical in each case. With this literature demonstrate sorting with two different cell types. This
in mind the CFP and GFP photon bursts can still be distin- is primarily due to optical limitations in the instrumentation used.
guished strictly based on the burst widths. CFP has an averagd-or example, in fluorescence-based cell sorters, there is typically
burst width of 922us and an RSD of 40%. The GFP cells have heavy cross talk between detection channels if more than two
a smaller average burst width of 7883. In this case the RSD  colors are used, resulting in decreased signal-to-noise and false
was slightly lower at 33%. Briefly, the burst widths are positives. With the statistical approach described herein, there
calculated by searching for a given peak maximum above ais no limitation to how many types of cells can be identified.
specific threshold value which can be defined as 3 standard The only requirement is for the fluorophores within the cells to
deviations from the mean count rate, if®ueshola= & + 3(u)°>. generate different photon burst characteristics.
Adoption of a threshold that lies 3 standard deviations above To develop these concepts further and demonstrate the
the mean yields confidence limits greater than 99%. The width robustness of the approach a more complex cell population was
of the burst above the background level is then measured. Thesubsequently studied. Figure 5 illustrates a burst width histogram
value extracted is in fact a “pseudowidth” as this value is originating from a mixture of 33% of each of tte coli cell
dependent on the signal-to-noise ratio of the peak This is populations (experimental data given by diamonds). In this
ultimately the cause for different burst widths among the cells experiment, the flow velocity was held constant atl¥/min
expressing different fluorescent proteins. with a dwell time of 10Qus. A total of 500 photon bursts were
Escherichia coliexpressing YFP exhibit drastically different used to generate the histogram. The relative contributions of
mean burst width distributions. The average width is g2 the burst width distributions for individual components (i.e.,
with an RSD of 31%. The lower burst width is predominantly the pure samples) were calculated through deconvolution
due to a decrease in the overall photons being collected; thisanalysis. Specifically, the fitting routine used minimizes the
results in an experimental reduction in the burst width. This in function shown in eq 1.
fact turns out to be a great advantage as single cells expressing
YFP can be distinguished from single cells expressing GFP and ) n
CFP strictly based on burst height and width characteristics. X =
Algorithms such as those described by Edel et al. can be useful
in assigning single cell types with minimum err8rBriefly,
they use a maximum likelihood estimator (MLE) to calculate Here n is the number of time bins used in the burst width
flow velocities of single particles moving through a confocal histogram and is the standard deviation at each data p&int
detection volume. Individual particles with different flow 2 denotes the reduced chi squarbift) is the least-squares fit,
velocities can be distinguished simply based on the analysis ofandNceg(t), Nare(t), Nyep(t) are the burst width histograms for
individual fluorescence photon burst characteristics. Although each of the individual samples. A least-squares fit of the
they distinguish between flow velocities, an MLE approach in experimental data to this function (shown by the dotted line in
principle can be used with any system which contains multiple Figure 5) produced component yields of 35%, 33%, and 32%,
species in solution with different photon burst characteristics. respectively, for CFP, GFP, and YFP. Initial fitting parameters

1
_Z[N(tk) - NCFP(tk) - NGFP(tk) - NYFP(tk)]Z 1)
k= Oy
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TABLE 1. Summary of Fluorescence Lifetime Yields and 100k CFP
Amplitudes for CFP, GFP, and YFP
tau 1/ amp 1/ tau 2/ amp 2/ tau 3/ amp 3/
ns % ns % ns % <taw y?2 DW 10L
CFP 394 3780 161 3437 022 2783 312 112 154
GFP 321 61.09 145 1111 105 2780 3.04 1.03 1.66 1) I
YFP 8.42 241 323 7181 042 2578 353 131 141 s 1 . - .
S 100} GFP
TABLE 2: Summary of Fluorescence Lifetime Yields and
Amplitudes of Bulk Fluorescence Lifetimes forE. coli 10k
Expressing CFP, GFP, and YFP
tau 1/ amp 1/ tau 2/ amp 2/ tau 3/ amp 3/ 5 ] i m
0, 0, 0, L L
ns % ns % ns % <tav> yx* DW 0 10 20 30
CFP 7.91 141 301 5808 096 40.51 228 113 1.49 Time (ns)
GFP 944 0.67 253 8592 024 1341 269 126 141

YEP 7.73 449 270 57.28 0.38 3823 339 1.44 120 Figure6. Average fluorescence lifetime decays for singlecoli cells
expressing CFP and GFP.

were randomly generated (and varied at least 10 times) to ] .
confirm that the yields produced were not generated by measured to ylgld be.tween. 20 000 and 30000 counts in the
convergence in local minima in thé hypersurface. In all cases ~ channel of maximum intensity.
recovered yields did not vary by more th&11%. It is important The lifetime analysis forE. coli cells expressed with
to note that the burst width histograms alone cannot be used tofluorescent proteins, under the same conditions as described in
discriminate between single cells; rather, they are used tothe previous paragraph, generated drastically different compo-
discriminate between populations of cells. Burst intensity and nent lifetimes. In all three cases the longest components had
fluorescent lifetimes are ultimately needed for this. The burst lifetimes on the order of 810 ns and amplitudes varying from
width data are simply used for discrimination in an ensemble 1-5%. The lifetimes and associated pre-exponential factors
averaged system. obtained forE. coli expressing green fluorescent protein are
Decreasing the total number of particles used in the analysissimilar to those reported by Jakobs et al. using a similar
to 100 cells still generated correctly assigned distributions with instrumental setup? A complete summary of the amplitudes
an error of less than 10%. When experimental distributions were along with the lifetimes is shown in Table 2.
generated USing less than 100 Ce||S, the errors associated with The average lifetimes fdE. coli expressing CFP' GFP, and
the yields were surprisingly not much higher. Nevertheless, this yFp were 2.28, 2.69, and 3.39 ns respectively. For all three
approach successfully extracts valuable information regarding proteins, the component which produced the largest amplitudes
cell populations and can be performed with as little as 100 cells. (>57%) had lifetimes ranging from 2:3 ns. Although the bulk
Lower cell counts can also be used; however, if there are greatefjifetimes are in themselves relatively complex in nature, the
than three types of cells within the sample, much larger errors  ariation in average lifetime between the cell populations is
will be associated with the measurement at low precision. g ficiently large to allow cell-type identification at a single-
The measurement of fluorescent lifetimes has been used withsg|| |evel. It should be emphasized that each cell contains a
great success in distinguishing between and quantifying fluo- minimum of 500 protein molecules; hence, the lifetimes can

rophore populations in complex environme#fts:® The success || be considered to be an ensemble measurement.
of this approach is due to the sensitive dependence of both

radiative and nonradiative deactivation rate coefficients on
molecular structure and local environment. Consequently,
fluorescence lifetime analysis is a sensitive tool for monitoring
the nature of samples containing fluorophore populations. The
majority of single-molecule lifetime measurements in solution
require efficient statistical methods, most notably the MLE, to

The fluorescence lifetime for two different single cells
expressed with CFP and GFP are shown in Figure 6. For these
measurements a volumetric flow rate ofgl/min and an
acquisition dwell time of 100us were used. Under such
conditions, individual cells remain within the detection probe
volume for less than 1 ms; hence, precision when compared to
distinguish between fluorophore lifetimes. However, since the € ensemble (bulk) fluorescence measurements will be signifi-
individual cells under investigation in the current studies contain cantly poorer. On average, a s_mgle-cell decay profile is the
approximately 500 fluorophores, either a MLE algorithm or accumulation of between approximately 1000 and 5000 photons
standard deconvolution procedures can be implemented. (~100 counts in the channel of maximum intensity). The error

Measurement of the fluorescence decay profiles originating associated with the measurement will therefore be on the order
from fluorescent proteins such as CFP, GFP, and YFP using of 10%. When compared to the bulk lifetimes, an accumulation

TCSPC techniques has previously shown that simple monoex-°f between 1and 16 photons are typically acquired.
ponential decay functions are insufficient in describing excited- ~ Fluorescence lifetime histograms for singte coli cells
state deactivation. This is a result of complex photophysics expressed with CFP and GFP are shown in Figure 7. In all
involving proton-transfer kinetics. As such, the fluorescence experiments the average residence time of a cell within the probe
lifetimes are highly dependent on the surrounding environment volume is approximately 100 ms. As previously discussed, due
as well as the excitation wavelength. It is for this reason that to the low levels of precision data were analyzed using a
the use of bi- or triexponential decay models is typically required monoexponential decay function. The average lifetimes from
to generate physically relevant results. A summary of the the histograms are calculated to be 2.3 and 2.7 ns for CFP and
component fluorescence lifetimes and amplitudes for CFP, GFP,GFP, respectively. The standard deviation in the single-cell
and YFP in bulk solution is presented in Table 1. The excitation histograms for CPF and GFP were 0.4 and 0.2 ns, respectively.
source was a 438 nm pulsed diode laser with emission beingBoth average values agree well with the average fluorescence
collected between 450 and 650 nm. Furthermore, all decays werdifetime elucidated in bulk solution experiments. It is reassuring
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MLE lfetime histogram ment. Strictly using photon burst characteristics, it is possible
20[ ' ' ' ' ‘ ‘ to discriminate between various analyte populations. Single-
cell fluorescence lifetime measurements are shown to be a
powerful tool in discriminating betweds. coli cells expressed
with various fluorescent proteins. Larger differences between
fluorescence lifetimes directly results in greater precision in
classification of cell types. Nevertheless, fluorophores with
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