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Abstract:  We report a fluorescence lifetime imaging technique that uses 
the time integrated response to a periodic optical excitation, eliminating the 
need for time resolution in detection. A Dirac pulse train of variable period 
is used to probe the frequency response of the total fluorescence per pulse 
leading to a frequency roll-off that is dependent on the relaxation rate of the 
fluorophores. The technique is validated by demonstrating wide-field, real-
time, lifetime imaging of the endocytosis of inorganic quantum dots by a 
cancer cell line. Surface charging of the dots in the intra-cellular 
environment produces a switch in the fluorescence lifetime from ~ 40 ns to 
< 10 ns. A temporal resolution of half the excitation period is possible 
which in this instance is 15 ns. This stroboscopic technique offers lifetime 
based imaging at video rates with standard CCD cameras and has 
application in probing millisecond cell dynamics and in high throughput 
imaging assays. 
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OCIS codes:  (170.0170) Microscopy; (170.6920) Time-resolved imaging; (120.3890) Medical 
optics instrumentation; (170.1530) Cell analysis; (170.2520) Fluorescence microscopy. 
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1. Introduction  

Fluorescence imaging of biological material at tissue and single cell level is one of the most 
widely used techniques in biomedical science [1]. The use of fluorescence lifetime imaging 
(FLIM) has become particularly important because contrast based on a fluorescence decay 
rate rather than absolute intensity avoids signal variation due to effects such as 
inhomogeneous labelling, fluorophore diffusion or quenching and provides differentiation of 
tissue auto-fluorescence [2]. Spatial analysis of biological processes can also be achieved with 
a wide range of functional lifetime-based probes that report on key chemical markers such as 
oxygen, calcium or pH. FLIM may be implemented using either a time or frequency based 
measurement. In the time domain an ultra-short laser pulse provides impulse excitation 
followed by temporal resolution of the detected fluorescence [3,4]. This can be implemented 
with a single channel detector using scanning microscopy [5,6] or in wide-field using multiple 
channel detectors such as gated CCD cameras [7,8]. In the frequency domain the lifetime is 
extracted from analysis of the phase shift and demodulation of the fluorescence with respect 
to a modulated excitation [9,10]. In all of the current FLIM techniques there is a requirement 
for temporal resolution and synchronisation of excitation and detection signals. We report a 
new approach that uses what is in effect a Dirac pulse train for excitation and derives lifetime 
based image contrast using time-integrated fluorescence. This ‘stroboscopic’ technique 
therefore completely removes the need for time resolved detection or synchronisation making 
FLIM faster, cheaper and easier to implement on existing fluorescence microscopes. We have 
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previously demonstrated the use of stroboscopic excitation to determine fluorescence lifetime 
in a non-imaging mode and explored the resolution and sensitivity of the technique [11]. 

The extraction of lifetime-based contrast for strobe-FLIM is based on the interaction of 
fluorophores with a periodic train of optical impulse excitations. In the case where the impulse 
frequency is greater than the fluorescence relaxation rate, the time-integrated response of the 
system becomes dependent upon the relaxation process. A short excitation repetition time 
such as this is normally avoided as it leads to incomplete recovery of the system [12]. Here we 
deliberately use the limited time cycle to inhibit fluorescence decay and so maintain a finite, 
minimum excited state population of fluorophores. This leads to a decrease in the absorption 
of the excitation signal and a non-linear fluorescence response to increasing excitation 
frequency: the time-integrated fluorescence is described by the exponential of the ratio of 
fluorescence decay rate to excitation pulse frequency. The system establishes a dynamic 
equilibrium in which each pulse cycle is identical and a balance is maintained between the 
energy transferred from the impulse and the energy released by fluorescence decay. Reducing 
the impulse period lowers the amount of energy absorbed during the cycle and therefore 
reduces the integrated response signal per impulse excitation. The schematic in Fig. 1 shows 
the time and frequency domain functions for strobe-FLIM analysis of a fluorophore with a 

single exponential decay rate, γ.  
 

 
 

Fig. 1. Schematic of the stroboscopic excitation technique in time and frequency domains. 

In the frequency domain the lifetime analysis may be viewed as a form of Fourier 
synthesis in which the temporal response of the system is reproduced by the frequency 
sampling imposed by the measurement. The impulse train maintains its waveform under 
Fourier transformation with the period, T and frequency spacing, fex of the pulse train being 
inversely proportional thus in strobe-FLIM the system is sampled by a multiple set of discrete 

frequencies and its response is dictated by the relative values of γ and fex (see equation 1). 

When the excitation period is very much greater than the fluorescence lifetime (fex << γ) the 
frequency sampling becomes quasi-continuous and a near-true representation of the decay 
waveform is achieved. This equates to repetitive time-domain lifetime measurement and 
produces a fluorescence pulse train that is linearly proportional to the excitation frequency and 
hence integrated fluorescence, Sc is independent of fex. Towards the high frequency limit for 

excitation (fex ≥ γ) the pulse train resembles the frequency domain technique in that the 
temporal excitation signal Fourier transforms to a dc plus single frequency component and 
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produces a corresponding sinusoidal component within the time domain system response. The 
limited sampling produces a constant dc background with associated absorption saturation 
which leads to a frequency dependent Sc. Thus the stroboscopic technique sits between the 
time and frequency domain methods using a frequency-swept, periodic impulse excitation 
which equates to the traditional analyses in the limit, and in bridging them provides the unique 
capability of time resolution with time integrated detection. 

A rate equation based analysis of these temporal dynamics can be used to obtain an 
analytical description of the total fluorescence per excitation cycle: 
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where γ and fex are the fluorescence relaxation rate and excitation frequency respectively, P is 

the number of excitation events per impulse, κ is a collection efficiency and α an excitation 
efficiency. The term in square brackets in equation 1 is a ratio of the number of excitation 
events per pulse and the maximum number of excitation events possible for all fluorophores 
in the ground state i.e. it represents an excitation efficiency determined by the constant 
presence of excited state fluorophores. The second bracketed term describes the reduction in 
total fluorescence due to the incomplete decay. A theoretical analysis of the measurement of 
fluorescence lifetime via the time integrated signal has been presented previously based on the 
use of a double-pulse excitation [13]. In this case because only two pulses are used the system 
must be excited to transparency to ensure an equal excited state population immediately 
following each of the impulses or alternatively corrections made to account for the non 
steady-state excitation. By introducing a periodic impulse train we allow the system to reach a 
cyclic equilibrium in which each impulse response is identical through natural evolution of the 
fluorescence excitation and decay dynamics. This essentially allows us to implement the 
technique using excitation powers well below (< 10%) what is required to produce 
fluorescence saturation [11]. 

2. Results 

2.1 Frequency response of integrated fluorescence 

An example of time inhibited fluorescence decay in response to a periodic impulse excitation 
is shown in Fig. 2(a). The fluorescence emission from 705 nm wavelength, CdTe / ZnS 
quantum dots (QDs) in aqueous solution is time resolved using a streak camera detector over a 
range of excitation frequencies. The impulse train is provided by a picosecond pulse, from a 
white-light laser via a 600 nm short pass filter (Fig. 2(a).). The response at 1 MHz shows 
complete inter-pulse recovery of the fluorescence and a single exponential fit to the data (Fig. 

2(b).) indicates a QD relaxation rate, γ = 23 ± 2 MHz (τ = 43 ± 4 ns). A simple, single 
component fit is adopted as this equates to the stroboscopic methodology. Due the limited 
relaxation rate at the higher excitation frequencies (fex > 10 MHz ) there is incomplete 
relaxation to the ground state. In this example the peak fluorescence intensity is independent 
of frequency indicating excitation to saturation. A fit to the frequency roll-off in the total 

fluorescence per pulse (Fig. 2(c).), using equation 1 in the high excitation limit (e
2αP 

>> 1), 

gives a value of γ = 21 ± 4 MHz, in good agreement with the directly time-resolved value. The 

accuracy of the γ measurement is determined by the relative range of the frequency sweep and 
the level of intensity noise in the fluorescence signal. Because the frequency roll-off can be 
described in terms of frequency sampling, a frequency domain formulation of the familiar 

Nyquist sampling theorem [14] can be adopted to assess the measurement maximum, γmax 

(minimum τ). Incomplete sampling arises when  giving γmax = 2fmax., which for this work 
equates to 60 MHz (fmax = 30 MHz). 
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Fig. 2. (a) Streak camera data for excitation frequencies of 1 MHz (blue trace), 10 MHz (black 
trace) and 30 MHz (red trace) illustrating the inhibited fluorescence decay of 705 nm quantum 
dots in response to a periodic impulse; (b) a single-exponential fit to the complete inter-pulse 
recovery of the 705 nm quantum dots under 1 MHz excitation and (c) the frequency roll-off of 
integrated fluorescence per pulse as the inter-pulse period is reduced to less than the quantum 
dot lifetime. The solid line is a best-fit to the data using equation 1, the parameter values of 
which are shown. 

2.2 Fluorescence lifetime imaging 

The experimental setup for implementation of the stroboscopic technique for lifetime imaging 
is shown in Fig. 3(a). The pulsed laser is directly coupled to a fluorescence microscope via the 
lamp port and wide-field images are collected via a 40x, 0.75 N.A. lens using a 20 ms 
exposure time. The beam passes through spectral filters to remove the red and infra-red part of 
the spectrum and a focusing lens that is adjusted to achieve full illumination of the image 

field. The excitation power density within the central, 50x50 µm area of the image is 500 W 
cm

-2
 . In this mode we adopt a ratio metric measure (a ‘frequency ratio’) for image contrast of 
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=  where I is the image intensity, for a fixed exposure time, at the appropriate 

excitation frequency. We then define a characteristic frequency of the system, f0 using the 
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f . This empirical approach provides a 

measure of the frequency response of the system and avoids inappropriate identification of a 
fluorescence ‘lifetime’ with the associated assumption of a single, exponential decay. Whilst 

f0 does not directly equate to γ it does provide a quantitative assessment of the dynamics of the 
fluorescence response. Thus the important point in relation to practical lifetime microscopy is 
that the frequency ratio, R will correlate with the fluorescence decay and so provides image 
contrast related to the lifetime rather than intensity of fluorescence. The frequency-ratio image 
requires measurement of just two images with ~ 20 ms exposure time and so lifetime based 
imaging can be achieved at video rates. The images in Fig. 3 show strobe-FLIM of inorganic 
(705 and 611 nm QDs) and organic (Cy-5) fluorophores deposited and dried onto glass cover 
slips to form touching boundaries between the two species. The fluorescence intensity and 
ratio images are shown in Fig. 3(b-e), there is a clear discrimination in the ratiometric images 
between the three fluorophores. The 611 nm QDs (CdSe/ZnS) have a 1/e lifetime of ~ 35 ns 
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(measured from time resolved, streak camera trace) leading to a mean R value ~ 2, the 
contrast of these with the longer lifetime 705 nm dots (CdTe/ZnS), with mean R ~ 3, can be 
clearly resolved. The origin of the large fractional range in R values for both QD types (~ 
100% variation) is unclear but may be due to density fluctuations in the nanoparticle films. 
The decay rate of the Cy-5 is well in excess of the experimental range ( ~ 1 GHz) and so a 
linear frequency response with R ~ 1 is measured in this case. 

 
 

Fig. 3. (a) Experimental setup illustrating the laser input at the upper lamp input-port and the 

spectral filters used for imaging; (b) 50 x 50 µm, fluorescence intensity images of 705 nm QDs 
and Cy-5 dye and (c) 705 nm and 611 nm QDs; (d) ratio images derived from intensity images 
taken at 1 MHz and 30 MHz excitation frequencies for 705 nm QDs and Cy-5 and (e) 705 nm 
and 611 nm QDs; (f) histograms of pixel-to-pixel variation in R for 705 nm QDs and Cy-5 and 
(g) 705 nm and 611 nm QDs. In both cases the distribution is bi-modal illustrating the ability of 
stroboscopic imaging to distinguish the fluorophore pairs from their lifetime. 

The maximum intensity variation in successive images is ± 5% (single pixel variation) and 
so the error margin in R is ± 7%. The characteristic frequencies for the 611 nm and 705 nm 
QDs are 29 ± 3 MHz and 12 ± 1 MHz respectively. A statistical analysis of the frequency 
ratio is also shown in Fig. 3(f-g). in the histograms of the pixel-to-pixel variation, each 
histogram represents data summed from three images. A bi-modal distribution is obtained in 
each case with the broader, 705 nm QD peak clearly discernible from the lower ratio 611 nm 
QD and Cy5 maxima. 
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2.3 Imaging fluorescence dynamics in living cells 

FLIM has been successfully used for live cell imaging [15]. Whilst real-time, live-cell FLIM 
has been successfully demonstrated [16, 17] it is a challenging technique to apply to living 
cells as the potentially long exposure times associated with the determination of a decay time 
can lead to photo-damage [18]. The major advantage of the strobe-FLIM technique is its 
speed of image acquisition and so it is potentially much easier to apply to live cell 
applications. To validate this hypothesis we used it to image the endocytic uptake and 
processing of 705 nm wavelength, colloidal QDs by a human Osteosarcoma cell line (U-2 
OS). Whilst QDs have been shown to be photo and bio-stable enough to be used as multi-
generational (over 5 generations) fluorescent reporters [19, 20] there have been reports of a 
reduction in fluorescence efficiency when placed in cells [21] and their fluorescence lifetime 
has been shown to be sensitive to local pH [22, 23]. Indeed these nanoparticles have been 
conjugated to dopamine molecules and used as bio-sensors informing on intra-cellular redox 
potential via changes in the QD quantum yield [24]. 
 

 
 

Fig. 4. (a) schematic of the QD uptake and localisation within intra-cellular vesicles via 

endocytosis; (b) typical 50 x 50 µm, transmission and (c) fluorescence intensity images of a 

single cell; (d) 50 x 30 µm intensity image of a cell, fixed in PBS 24 hours following QD 
uptake and (e) intensity image of a cell fixed in Prolong® Gold, anti-fade reagent 24 hours 
following QD uptake; (f) corresponding ratio images for cells fixed in PBS and (g) anti-fade 
reagent. 

The fundamental process underlying these effects is charge transfer to and from surface 
states on the nanoparticle. When charge neutral the dots exist in a ‘bright’ state with high 
radiative efficiency, subsequent charge capture into surface traps leads to a ‘dark’ state in 
which rapid non-radiative relaxation is dominant [25, 26]. For individual dots this leads to a 
‘blinking’ of the fluorescence as charge is transferred to and from the dot surface [27]. For 
QD ensembles the cumulative effect is a quantum yield and fluorescence lifetime that is 
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dependent upon the redox potential of the local environment. The uptake of QDs via 
endocytosis and their subsequent encapsulation within acidic organelles therefore provides an 
ideal system in which to look for fluorescence lifetime changes. 

Our initial work adopted the approach of Sun et al. [23] and used fixed cells in different 
buffers to demonstrate the potential of strobe-FLIM to provide spatially resolved read-out of 
redox state. The delivery of the dots by endocytosis leads to their concentration within 
discrete sub-cellular compartments (fig. 4(a-c).). We image the QD fluorescence from cells 
that are fixed at 24 hours post loading, at this point in the endocytic cycle there is peri-nuclear, 
punctate localisation of the fluorescence from QDs within the endosomal compartments. The 
reduction potential of the intra-cellular medium is controlled by the introduction of an anti-
fade reagent – Prolong® Gold (Invitrogen); this is designed to act as an anti-oxidant with the 
aim of reducing photo-bleaching of organic fluorophores. When used with QDs the opposite 
is achieved as chemical reduction by the anti-oxidant charges the dots and so reduces the 
quantum yield (QY) [24]. Images (50 x 30 micron field) of the QDs within fixed cells in 
phosphate buffered saline (PBS) or anti-fade solutions are shown in Fig. 4(d). and 4(e). The 
results for cells fixed in pH neutral, PBS buffer indicate R values ~ 2-3 (f0 ~ 16 MHz) 
indicating that the lifetime of the dots is little altered by the process of cellular targeting and 
uptake. The ratio images of cells in anti-fade reagent show a linear, R response indicating a 
fluorescence lifetime below the system resolution of 15 ns as expected given the dominance 
of short lifetime, non-radiative relaxation within surface charged dots. Continuous monitoring 
of R as the anti-fade agent is added to a PBS buffered sample shows an immediate reduction 
in fluorescence intensity and a switch in R from 2-3 to 1. We are confident therefore that the 
low R values are due to the external agent rather than cellular processes. To corroborate these 
results the cells were also imaged using time domain FLIM within a scanning, time-
correlated, single photon counting (TCSPC) system (Nikon microscope with Becker and 
Hickl acquisition system). Two-photon excitation at 850 nm wavelength was used with an 
average power of 800 mW and an image acquisition time 2 minutes. For the cells fixed in 
PBS there is a continuous base-level count and no reliable tau value can be obtained. We 
attribute this to fluorescence build-up from previous excitation periods due to QD lifetimes 
well in excess of the TCSPC repetition time of 12.5 ns. The TCSPC results for the cells fixed 
in anti-fade reagent indicate a decay lifetime of ~ 300 ps and so confirm that the observation 
of R = 1 with strobe-FLIM is due to lifetime reduction below the resolution of the 
measurement. These fixed-cell experiments establish that, within the 10-100 ns lifetime 
regime of QDs, strobe-FLIM is able to provide spatial resolution of fluorophore dynamics and 
in the example shown allows correlation of intensity changes within the cellular environment 
with QY changes and a corresponding reduction in fluorescence lifetime. 

Imaging of live cells was done over 5 days, maintaining the U-2 OS cells at 36.5 ± 0.2
o
 C 

on a heated microscope stage within sealed chambers on a multi-well plate. The excitation 
power was once again 500 Wcm

-2
 and lifetime based ratio metric imaging was done at 4 

frames per second (2 Hz ratio imaging) using 20 ms exposure times on a daily basis. Whilst a 
detailed analysis of the cell cycle dynamics under these conditions was not undertaken there 
was clear evidence of progression through mitosis and hence cell proliferation throughout the 
time period. Thus it was possible to undertake live cell FLIM without marked photo-induced 
cell perturbation and with minimal cell death. 
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Fig. 5. (Media 1) shows 140 seconds of imaging time at x10 speed. From left to right, the first 
two images are the raw data taken at 1 MHz and 30 MHz repetition rates respectively and the 
final image is the frequency ratio, R. Rapid motion of the QD loaded vesicles can be seen and 
this temporal resolution is maintained in the ratio image. 

A time-lapse movie covering 140 seconds of cell imaging using fluorescence intensity and 
intensity ratio, R is shown in Fig. 5. The imaging speed is sufficient to avoid blurring due to 
whole cell motion and is even quick enough to capture the rapid intra-cellular dynamics of 
endosome trafficking. The longer term dynamics are given in Fig. 6 where ratio metric images 
taken at 1, 2 and 5 days are shown in Fig. 6(a-c). together with histograms of the R values 
(fig. 6(d).). The histograms are averages of 4 cell images taken at each of the time points. 
There was minimal change in R during the process of QD internalisation, indeed the absolute 
fluorescence intensity and ratio metric measure was constant for the first 48 hours following 
QD loading. This is not surprising as the Qtracker® system used is designed to provide long 
term stability within live cells. Over the full 5 days however there was a clear reduction in 
fluorescence intensity and a corresponding change in R. This is presumably due to QD 
degradation with associated surface charging leading to an increased non-radiative decay rate 
and a concomitant reduction in quantum yield and fluorescence lifetime. After 100+ hours in 
the cell the QD fluorescence intensity is reduced to ~ 1/3 of its original value and the mean R 
value reduces from ~  2.5 (f0 ~ 15 MHz) to 1.9 (f0 ~ 22 MHz). 
 

 
 

Fig. 6. (a) 30 x 30 µm, Ratio images of live cells at 24 hours post QD loading, (b) 48 hours post 
QD loading and (c) 120 hours post QD loading; (d) the histograms of the R variation, the 
symbols on the insets of fig. 6a-c relate each trace to the corresponding acquisition time. The 
three histograms show a systematic reduction as the QDs are degraded within the cells leading 
to a reduced QY and a shorter τ as non-radiative relaxation routes become active. 

3. Discussion 

The novelty of strobe-FLIM is its ability to provide temporal analysis using time integrated 
fluorescence; this removes the need for specialist detectors making it straightforward and 
relatively cheap to install; future development could see the implementation of relatively 
inexpensive, mass manufactured, LED light sources [28] for excitation making it truly low-
cost. Implementing lifetime measurement using only excitation control also removes any 
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requirement for synchronisation of excitation and detection signals and so strobe-FLIM is also 
easy to implement requiring only standard, wide-field fluorescence images from a CCD 
camera. The method cannot provide a complete description of the fluorescence decay relying 
rather on empirical measures that parameterise the fluorescence dynamics. The temporal 
resolution obtained is determined by the laser pulse frequency; and whilst this may be higher 
than reported here e.g. 1 GHz mode-locked Nd:YAG lasers are available; it is likely to remain 
in the nanosecond rather than picosecond range available using time domain FLIM. Strobe-
FLIM therefore complements existing techniques in providing rapid lifetime imaging, 
implemented with minimal adaptation of a standard microscope, in a format that retains the 
sensitivity and pixel density of fluorescence intensity imaging. Analysis is based on the ratio 
of two image frames and so the method is inherently capable of providing video rate FLIM. 
The technique is ideally suited for applications requiring fast, robust image analysis such as 
the mapping, on sub-second timescales, of molecular interactions within live cells or rapid 
measurement in high throughput systems of lifetime-based switching assays with digital 
readout. Because the stroboscopic technique is detector independent its flexibility could also 
provide lifetime measurements across a broad range of fluorescence-based analysis systems 
such as endoscopy or flow cytometry. 

4. Methods 

4.1 Microscopy 

All images were acquired in wide field using a standard Nikon fluorescence microscope with 
a 40x magnification objective. Detection was via a Hamamatsu Orca CCD camera using a 20 
ms exposure time. A Fianium white light laser was used for excitation and was coupled into 
the microscope via the lamp housing. A 600 nm short pass filter and 480/40 nm bandpass 
dichroic mirror were used to spectrally filter the excitation beam whilst a 705/40 nm bandpass 
detection filter was used. For live cell lifetime imaging, the laser pulse frequency was initially 
set to 1 MHz and an image acquired after a 100 ms delay to allow the system to stabilise. The 
laser pulse frequency was then switched to 30 MHz and after a further 100 ms stabilisation a 
second image was acquired. There was no discernible photobleaching due to this stabilization 
delay in fact repeated imaging over a minute could be achieved whilst maintaining 
fluorescence intensity stability. Image matrices were stacked in memory to minimise CPU 
load of the controlling PC.  Image processing involved the simple subtraction of a fixed 
background, and division of the 30 MHz matrix by the 1 MHz matrix (scaled by 30x to keep 
the number of pulses per acquisition for the two laser pulse frequencies the same). 

4.2 Cell preparation 

The human osteosarcoma cells, U-2 OS (ATCC HTB-96) were cultured under in McCoy's 5a 
medium supplemented with 10% foetal calf serum (FCS), 1mM glutamine, and antibiotics and 
incubated at 37

0
 C in an atmosphere of 5% CO2 in air. For imaging experiments, cells were 

grown at a density of 1x10
5
 cells ml

-1
 on top of a 24x24 No. 1.5 coverslip (RA Lamb) in a 6 

well plate (BD Falcon™) to a confluency of 60-70%. Cells were loaded with commercially 
available targeted nanocrystals using the Qtracker® 705 Cell Labeling Kit  (from Invitrogen; 
Catalog Number - Q25061MP) at 4 nM. The QD labelling solution was added to the cells and 
incubated for 1 hour at 37

o
 C before washing twice with full growth media. One set of 

Qtracker® 705 loaded cells coverslips was immediately fixed (1h pos-loaded cells) and 
another let to incubate for 24h. Cells were fixed with 4% paraformaldehyde in PBS for 30 min 
at 4

o
 C. Following fixation the coverslips were then mounted onto slides, directly with 

ProLong® Gold antifade reagent (P36930, Invitrogen) and in PBS, for this a square well of 
approx 150 µl volume was shaped with adhesive plastic tape on the slide, finally for both 
cases the coverslips were fixed in place using clear nail polish. Live samples were pre-
prepared in silicone multi-well plates, and sealed with a glass slide and cover-slips and 
mounted individually on a temperature controlled stage (TCS). 
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Appendix 

Analytical derivation of stroboscopic response: 
The analysis proceeds by considering an ensemble of NT systems with microstates 1 and 2 
under excitation. The time dependent rate equations for such an ensemble are: 
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where τ is the relaxation lifetime between upper state 2 and lower state 1 and Ip is the 
excitation rate per system. If we introduce n as the factional number of systems in the upper 
state; n = N2 / NT we obtain an expression: 
 

( )
τ
n

nI
dt

dn
p −−= 21        [A3] 

 
We consider the excitation to be a periodic impulse of duration Tp and period T. After an 
initial transient the ensemble will achieve a dynamic equilibrium and respond with a periodic 

output of fixed amplitude. Using the assumption of Tp << τ (i.e. an impulse excitation) the 
excitation of the ensemble becomes temporally separate from the relaxation and equation 3 
can be solved by separately integrating the rate equation during the excitation pulse and 
during the ensuing relaxation. 
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where nl is the fraction of systems in the upper state immediately before the excitation pulse 
and nu the fraction immediately after the pulse. Using the results of the integrals in equations 

A4 and A5 the change in n during a single cycle, ∆n = ( nu – nl ) can be found: 
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Relation to measured parameters 

To translate this analysis to experiment the parameters, ∆n and IpTp have to be related to a 
measurable. The change in n is proportional to the integrated output signal per excitation 
period. A dc detector would therefore return a signal, Sdc per unit time which is proportional 

to the average value of ∆n over one period. The term IpTp represents the total number of 
excitation events during a single impulse and is related to measurable physical quantities by: 
 

#107281 - $15.00 USD Received 6 Feb 2009; revised 13 Mar 2009; accepted 15 Mar 2009; published 18 Mar 2009

(C) 2009 OSA 30 March 2009 / Vol. 17,  No. 7 / OPTICS EXPRESS  5215



AE

E
TI

q

p

expp

σ
η=        [A7] 

 

Where Ep/A is the excitation pulse energy per unit area, ηex is the delivery efficiency of that 

energy to the ensemble, Eq is the energy of the excitation quanta and σ is the absorption cross-
section of the 2-level system. The total fluorescence signal per pulse can therefore be 
represented by:  
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where κ is a detection constant relating the measureable output to the number of relaxation 

events i.e. the energy released from the ensemble, α is an excitation constant linking the 
incident power to the excitation impulse function and the temporal dynamics of the excitation 

and fluorescence response are represented by a pulse frequency, fex and a relaxation rate, γ. 

Equation [A8] provides a means to determine γ from steady state measurements of the output 
signal. 
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