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One of the difficulties in diffusion-type single-molecule experiments is the determination of signal amid
photon-counting noise. A commonly used approach is to further average the noisy time trace by binning,
followed by placing a threshold to discriminate signal from background. The choice of smoothing parameters
and the placement of the threshold may impact on the efficiency with which the information-rich region can
be harvested, among other potential complications. Here we introduce a procedure that operates on the data
sequence photon by photon, thereby relieving the incertitude in choosing binning-thresholding parameters.
We characterize this procedure by detecting the two-photon emission bursts from diffusing single gold
nanoparticles. The results support our burst-finding procedure as a reliable and efficient way of detecting and
harvesting photon bursts from diffusing experiments.

1. Introduction

The ability to observe individual fluorescent molecules or
particles as they move across a sensing region opens up many
new possibilities in both basic and applied sciences.1 More
recently, for example, it has allowed probing of protein
conformational distribution,2,3 rapid classification of individual
molecules,4,5 and studies of protein folding,6,7 to name a few.
In these diffusion-type experiments, the state of individual
molecules is extracted from the short bursts of photons that are
collected, while the randomly moving probe molecule remains
in the detection zone in a confocal setup.8 Despite the fast-
paced advances in single-molecule observation,9-11 to obtain
reliable information from the limited number of photons
contained in a signal burst remains challenging.12

To illustrate the problem at hand, one considers the traces
shown in Figure 1, which simulates a typical diffusion experi-
ment. The number of detected photon is displayed as a function
of time as a single chromophore traversing through a confocal
detection zone (simulation details are in the Appendix). Visual
inspection of the traces quickly establishes that, qualitatively,
the∼0.6 s peak is likely a valid signal burst. There are, however,
two lesser-intense peaks at∼0.22 and∼0.48 s that may also
be considered as signal, depending on the extent of smoothing
(binning). A hard threshold is typically used to discriminate
signal against background noise. To minimize potential false-
positive detection, its magnitude can be determined by asserting
that no bursts are picked up from a control,13-16 or the threshold
may be adjusted such that the harvested burst size distribution
matches with that of a theoretical model.17 Further filtering and
heuristically imposing a minimal burst size are often needed
when dealing with such Poisson-distributed photon-counting
data. Unlike ensemble-averaged experiments, optical single-
molecule studies rely on few photons to determine a physical
observable. Therefore, the more photons are available, the more
accurately a measurement can be made. Subjective choice of
bin width and/or smoothing parameters may impact on the
ability to extract useful information from the noisy data.

Generally, one is concerned with the following issues in the
detection of diffusing chromophores. (1) Quantitative: The

probabilities in erroneously assigning a false-positive detection
are specified. This is critical, for example, in assessing the
significance of observed rare events such as reactive intermedi-
ates. (2) Robust: Useful information is collected from the data
sequence directly with the same statistical significance with as
few adjustable parameters as possible. In this way, the collected
photon bursts can be placed on a commensurate statistical
footing. (3) Efficient: Knowledge is extracted from the data
sequence by gathering as many information-rich photons as
possible.

In this article, we present a general procedure that affords
reliable detection and efficient collection of emission bursts from
single chromophores. It is based on well-characterized ideas
from the statistics literature and addresses the issues posed
above. This procedure requires only knowledge of the chro-
mophore brightness and the background level, both can be
determined by separated control experiments. The indetermi-
nateness in the assignment of the bin time and of thresholding
level is removed because our burst-finding method operates on
the data set photon by photon. To demonstrate the application
of this procedure and to characterize its performance, it is used
to detect multiphoton emission from single diffusing gold

Figure 1. A simulated photon burst as a single molecule/particle
traverses through the optical detection zone. Detected photon trace
binned at (A) 0.2 ms, (B) 1 ms, and (C) 5 ms. The Poissonian counting
noise is evident.
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nanoparticles. We found that this new procedure does deliver a
superior performance over the commonly used binning-
thresholding method. The current work extends to the diffusion-
type experiments, our recent efforts in developing photon-by-
photon single-molecule methods.18-20 Here we focus on the first
step of extracting information from diffusion-type experimental
datasthe detection and collection of photon bursts. For post-
collection statistical data analysis, interested readers may refer
to the many excellent discussions in the literature.17,21-23

2. Theoretical Considerations

Without loss of generality, the noisy data sequence to be
analyzed is considered to be acquired consecutively in time.
The signal strength is represented byI(t), which could be current
in electronic signal or photon flux in optical detection. The
problem of signal burst detection is mapped onto a sequential
hypothesis test problem in statistics.24,25 One considers the
sequential test of a null hypothesisHBswhen there is no signal
and the data sequence is at its basal value,I(t) ) IBsagainst a
composite alternativeHSswhen there is signal andI(t) ) IS(t)
+ IB > IB.26,27A composite hypothesis test differs from a simple
hypothesis test in that the value ofIS(t) is not specified for the
former, but is defined by a range of acceptable values. Following
Wald,27 a composite hypothesis test can be re-formulated as a
simple hypothesis test ofHB: I(t) ) IB againstH1: I(t) ) I1,
where I1 > IB is the minimum intensity that is considered
“signal” in practice. In the following development, bothI0 and
IB are considered known from separate control experiments or,
more conveniently, from the data sequence directly.

Since the recorded data sequence is corrupted by measurement
noise, it will take many data elements to determineI(t) to a
certain statistical accuracy. This means that a decision about
I(t) cannot be made “instantaneously” but requires some finite
time interval,th, during which one has no knowledge if an analyte
is in the detection zone. This leads to a coarse-grained (in time)
picture that, before a decision can be made withinth, the data
elements are assumed to be collected from the same state and
are, therefore, identically independently distributed.

Within this framework, the errors in signal burst detection
are false detection (type-I error), the probability of which is
defined byR ) P(H1|HB), and missing signal bursts (type-II
error), the probability of which is defined byâ ) P(HB|H1).
One seeks a general approach that conservatively detects signal
burst withR f 0, or, in practice, settingR ) 1/N, whereN is
the number of data points. It should also be proficient in signal
detection such that the information-rich regions can be correctly
identified and isolated. Furthermore, the sought procedure should
be robust and does not require additional parameter adjustments
or optimizations for different experiments.

2.1. Formulation of a General Algorithm for Determina-
tion of Signal Bursts. Here, a simple and effective procedure
is proposed to quantitatively detect signal bursts and to
efficiently harvest them from a recorded data sequence,{∆i}.
It is based on the sequential probability ratio test (SPRT) by
Wald27 and on the cumulative sum (CUSUM) scheme by Page.28

These well studied statistical methods are briefly explained
below. Wald’s SPRT allows one to test hypotheses with given
type-I (R) and type-II (â) error rates:27

whereB ) â/(1 - R) andA ) (1 - â)/R. Λn is the likelihood

ratio of n data points, defined asΛn ≡ ∏i)1
n f1(∆i)/∏i)1

n fB(∆i),
wherefθ(∆i) ≡ f(∆i|Iθ) is the probability density of acquiring
the i-th data point∆i, conditioning onIθ with θ ) B (θ ) 1)
denoting the background (signal) state. The null hypothesisHB

is accepted when the likelihood ratioΛn is less than the critical
valueB; conversely, the alternative hypothesisH1 is accepted
when the likelihood ratio is greater thanA. When there is
insufficient evidence contained in then data points to make a
decision, an additional data point is included in the decision
making process. In the current application, the SPRT is restarted
from the boundaryA (or B) once a decision is reached forH1

(or HB).
Page’s CUSUM scheme in its recursive form is

whereh defines the critical region of burst detection. Page has
pointed out that the CUSUM algorithm is essentially a repeated
Wald’s SPRT with boundaries at 0 andh instead ofA andB.28

This can be seen in the second statement of eq 2, where a new
SPRT is started wheneverSn is reset to 0.

The procedure proposed here combines these two rigorous
statistical methods to allow efficient detection and conservative
collection of signal bursts. The algorithm is summarized in
Figure 2. The onset of thek-th burst,kl, is detected by a CUSUM
scheme that analyzes data sequentially (forward CUSUM, or
f-CUSUM). The approximate trailing edge of this signal burst,
k′r, is located by application of Wald’s SPRT. Note that, at this

Λn e B, acceptHB

Λn g A, acceptH1

B e Λn e A, take an additional data point,} (1)

Figure 2. An illustration depicting the proposed forward-backward
CUSUM signal burst detection/collection scheme.

{S0 ) 0 initialization

Sn ) max{Sn-1 + ln [f1(∆n)

fB(∆n)], 0} for n g 1

Sn g h, burst detected
} (2)
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point, the signal burst defined by{∆kl,...,∆kr′} is not a conserva-
tive collection becausek′r most likely overestimates the trailing
edge. Indeed, the expected delay in detectingI1 f IB using SPRT
is greater than 0 and is bound both by the error rates as well as
by the expectation value of the log-likelihood ratio,λ(∆) ≡ ln-
[f1(∆)/fB(∆)],27

where the detection delaynd is expressed in terms of number
of data points and〈λ〉B ) ∫0

∞λ(∆)fB(∆)d∆. As will become
clear later, the expectation value of the log-likelihood ratio plays
a crucial role in the performance of sequential analysis.

To find a conservative set of signal burst, we proceed to find
the onset of the next (k + 1)-th burst usingf-CUSUM. This is
followed by a reverse-chronological CUSUM (backward
CUSUM, orb-CUSUM) to locatekr to ensure that the harvested
signal burst is conservative and does not contain data points
from the background region. Inb-CUSUM, statistical tests are
applied in the reverse sequence order:{∆(k+1)l, ∆(k+1)l-1,...}.
Signal burst collection is considered successful ifkl < kr.

The CUSUM scheme has many advantageous properties
which include, by eq 2, its ease of implementation and efficiency
in computing resources. More importantly, the worse-case
detection delay (cf. Figure 2) is minimized given the constraint
of fixed false-alarm rateR.29-32 Here, one is interested in such
a conservative burst detection that no false-alarm is signaled
for the entire trace ofN photons; that is,R e N-1. Under this
condition, the optimal value for the thresholdh in eq 2 exists
and is give by Lorden31

where 〈λ〉1 ) ∫0
∞ λ(∆)f1(∆)d∆ is the expectation value ofλ

when data are drawn from the signal probability density
function. The corresponding expected detection delay is31

A shorter detection delay is expected with a greater type-I error
rate (greaterR, more false-positive detection) and/or a greater
〈λ〉1. In fact, 〈λ〉1 can be identified with the Kullback-Leibler
discrimination information (or relative entropy, Kullback-
Leibler distance),D(I1||IB),33 which evaluates the extent to
which two distributions differ. The greater the difference
betweenI1 and IB, the larger the〈λ〉1. Therefore, from the
information theoretical perspective,D provides a quantitative
understanding of how the signal-to-background ratio affects the
quality of the burst detection and collection (cf. eqs 4 and 5).

The procedure outlined above is generally applicable to the
identification and collection of signal bursts from a noisy data
sequence. The algorithm is formulated such that the framework
can be easily implemented for real-time control and on-line
analysis. Application of this procedure only requires knowledge
of fB and fS, the probability densities of background noise and
signal, respectively. Both can be obtained accurately by
separated control experiments. As an illustration, the next section
describes its application to the detection of single fluorescent
molecule diffusing through a confocal detection zone.

2.2. Application: Harvesting Emission Bursts from Dif-
fusing Single Chromophores Photon by Photon.One consid-

ers an experimental arrangement where a solution containing
dilute (few picomolar) fluorescently labeled analyte is to be
examined. The solution is interrogated by a laser beam focused
via a high numerical aperture (N.A.) microscope objective to
form a diffraction-limited excitation volume. The same objective
is used to collect the fluorescence photons from the excitation/
detection volume (hereafter referred as the detection zone,ú,
see Figure 3A for an illustration). Assuming that the laser
excitation direction is along thez axis,ú is approximated by34

for one-photon applications. The center of the ellipsoid is
assumed (0, 0, 0), andw0 andz0 are the minor and major axes
of the detection prolate ellipsoid, respectively. The detection
zone for two-photon applications can be approximated by a
Gaussian-Lorentzian form35

wherew2(rz) ) w0
2(1 + (rz/zR)2), with zR ) πw0

2/λex and λex

the excitation wavelength. The apparent instantaneous photon
flux due to the test particle atr t(rx, ry, rz) is IS(t) ) I0 exp[-
ú(r t)], where I0 is the detected photon flux when the emitting
molecule rests at the origin, the center of focus. The total
detected photon flux is thusI(t) ) IS(t) + IB, where background
photon flux IB may result from dark counts of the detector or
Raman scattering from the medium and is considered constant.
In practice,IB can be measured from control experiments and
I0 can be measured from an immobilized molecule.

A burst of photons is detected when a single fluorescent
analyte passes through the detection zone. The waiting times
between consecutive photon detection events,∆, are recorded
and stored for analysis. The probability density for detecting∆
given a detectable intensityI is given byf(∆) ) I exp[-∆I]. In
other words, the detected inter-photon duration sequence,{∆},
is the stochastic realization of the time-dependent intensity
trajectory of a single molecule as it traverses through the
detection zone (cf. Figure 1).

As discussed earlier, the efficiency of photon burst detection
is largely governed by the threshold intensity,I1. It can be
determined based on the type of sample to be analyzed. If all

EI1fIB
(nd) g

1
〈λ〉Β

[(1 - R) ln B + R ln A] (3)

exp[-h] )
R ln [R-1]

3[〈λ〉1 + 1]2
(4)

EIBfI1
(nd) g

ln [R-1]

〈λ〉1

. (5)

Figure 3. (A) An illustration depicting the detection zoneú(r t) e 2
(shaded area), and a diffusing single molecule traversing through it.
(B) A simulated position trajectory showing howú([r t) varies as the
test particle entering and leaving the detection zone. The test particle
is considered to be inside the detection zone whenú(r t) e 2, indicated
by the horizontal dashed line. (C) A simulated photon burst as a single
molecule/particle traverses through the optical detection zone. WithI0

) 20 000 andIB ) 2000,I1 is found to be≈4707 using eq 7.
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the fluorescent species under investigation exhibit comparable
I0, one may considerI1 to be the most-likely photon flux when
the analyte is inside the confocal detection zone, defined by

Alternatively, if the sample contains many species of drastically
dissimilar emission properties, one may determineI1 using eq
5. In this way, statistically, each harvested photon cluster has
the same delay in burst detection. With a given detection delay,
I1 is set by the error rateR and the background intensityIB.
The same procedure can be reliably applied to samples of
different characteristics.

Application of the proposed procedure is illustrated using the
simulated data in Figure 3 and is summarized in Figure 4. Note
that the idea of coarse-graining in time is illustrated by the
stepwise thick gray lines in Figure 3C, which represent
measurable intensity states. Panels B and C from Figure 3 are
reproduced here for comparison. This data set contains a total
of N ) 316 photons; therefore,R ) N-1 ) 3.16× 10-3. From
the binned trace (Figure 4), the background and signal intensities
are estimated to beIB ∼ 3200 cps andI0 ∼23 000 cps,
respectively. Using eq 7, the threshold intensity is found to be
I1 ∼ 6313 cps. The Kullback-Leibler discrimination informa-
tion is D(I1||IB) ∼ 0.57, whereas the CUSUM boundary ish )
6.01 (eq 4). Figure 4C shows the trace off-CUSUM statistic,
Sn, as a function of time.Sn crossesh (dashed horizontal line)
at t ) 0.5945 s, which amounts to a detection delay of only 8
photons from the “true” burst onset (vertical dashed line att )
0.5940 s). Switching to SPRT for the approximate trailing edge
of the burst (Figure 4D), a type-II error rate ofâ ) 0.05 was
used to give the SPRT boundsA ) 300.2 andB ) 5.016×
10-2 (horizontal dashed lines in Figure 4D). The burst was found
to end att ) 0.602 s, exceeding the true end point (vertical
dashed line att ) 0.6010 s) by 5 photons. To find a conservative
set of signal photons,b-CUSUM is performed (Figure 4), which

crossed the threshold att ) 0.6002 s, 9 photons left to the true
end point. Our proposed procedure thus conservatively harvests
99 photons for this particular data set.

More generally, the efficiency of photon burst detection can
be characterized using the analytical expressions for expected
delay in burst detection (eqs 3 and 5). Representative results
are displayed in Figure 5. As expected, when the signal-to-
background ratio (S/B) is low, a great number of photons are
needed to successfully identify the presence of a burst with
sufficient statistical significance. The more stringent the error
rates are, the greater the S/B is required to detect the trailing
edge (or the onset) of a photon burst. For example, as illustrated
in Figure 5A, Wald’s SPRT is able to identify the trailing edge
with only 1 photon if the S/B is greater than 30. On the other
hand, since we are interested in a conservative photon burst
collection such that the false-positive is∼0, it will take more
photons to detect the onset of a photon burst. For an S/B∼ 30
and a trajectory of 10 000 photons, it will take more than 10
photons to correctly identify the onset of a burst.

Figure 5 also sheds light on the effectiveness of resolving
two consecutive bursts. Under typical experimental conditions,
more than 10 photons will be required to resolve two adjacent
bursts. Despite the fact that the present general method operates
on a photon-by-photon basis, it is still unlikely to resolve
multiple photon bursts that result from an analyte molecule
rapidly coming in and out of the detection zone. This aspect is
important when treating chemically reactive systems. For
example, detection of bursts resulting from product released by
a single reactive molecule is likely to be biased toward
infrequent product formation events. This also highlights the
challenges in recovering the full distribution of burst duration
and inter-burst waiting times in a statistically reliable manner.
Further development in post-burst-collection analysis, which is

Figure 4. Illustration for the application of the proposed forward-
backward CUSUM photon burst detection and collection scheme at
various stages. Dashed vertical lines indicate the time instances at which
the molecule enters the detection zone defined byú(t) e 2. (A) A time
trajectory of the distance from the focal center of a diffusing molecule
traversing through the detection zone. (B) A 1 ms binned emission
time trace. (C) The cumulative sum,Sn, in the f-CUSUM step as a
function of time (cf. eq 2). (D) The likelihood ratio,Λn, in the SPRT
step as a function of time (cf. eq 1). (E) The cumulative sum,Sn, in the
b-CUSUM step as a function of time (cf. eq 2). In this step, the CUSUM
scheme is applied in a reverse chronological order. (F) The raw, noisy
data stream, where each vertical bar represents the arrival of a detected
photon. The information-rich photon burst region is visually identified
by the densely marked region around 0.59-0.6 s.

I1 ≡ I0e
-2 + IB (7)

Figure 5. Number of photons necessary to detect a single-molecule
burst as a function of signal-to-background ratio under various
significance levels. Delay in the detection of a photon burst (A) trailing
edge (eq 3 withR ) 10-4) and (B) onset (eq 5). TheR values in (B)
correspond to single-molecule time traces of 103, 104, and 105 photons
(R ≡ 1/N).
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underway in our laboratory, is expected to help address issues
of this nature.

3. Experiment

As a demonstration, this new procedure is used to acquire
multiphoton emission signal from gold nanoparticles as they
diffuse through the focal volume. The photostability and the
expected fast radiative decay rate of gold nanostructures36-38

allow a convenient assessment for the effectiveness of our
method. Furthermore, recent studies have suggested the use of
colloidal metal particles as a contrasting agent in imaging.39-43

These, together with advances in nanoparticle-protein one-to-
one conjugation,44 lead us to suppose that metallic colloids may
be used for rapid and quantitative analysis that could find
applications in toxicant detection and in diagnosis. The feasibil-
ity of using our new method to count particles as a way to
quantify concentration is also tested.

3.1. Materials and Procedures.The 60 nm gold nanoparticle
solution was purchased from Ted Pella and used as received
(stock solution). The blank for control experiments was prepared
using the same solution but without gold particles. To remove
the particles, an aliquot of 10X dilution from the stock was
concentrated at a relative centrifugal force (RCF) of 20 800 for
15 min (Eppendorf 5417C). The supernatant was immediately
collected for subsequent experiments. To prepare samples of
immobilized gold nanoparticles, 1 mL stock solution was
concentrated by 15 min centrifugation at 720 RCF. About 950
µL of the supernatant was discarded, and the remaining∼50
µL of concentrated solution was resuspended in filtered water
(Barnstead NANOPure DIamond UV/UF, pH∼ 5.5-6) to 1
mL. Ten microliters of the above solution was spin-coated on
cleaned quartz coverslips (Technical Glass) at 3500 rpm for 10
s (Laurell, WS-400B-6NPP/LITE/8K). This procedure produced
a typical coating density of about 2-4 particles per 10× 10
µm2. The sample was enclosed by an imaging chamber
(CoverWell, Invitrogen) following addition of 20µL filtered
water. In burst detection experiment, an aliquot of received stock
solution was diluted using filtered water to the desired concen-
tration. A UV-vis spectrometer (HP 8453) was used to calibrate
the sample concentrations, using a vendor-supplied extinction
coefficient of ε(520 nm) ) 2.79 × 1010 cm-1 M-1. The
picomolar sample was also contained in a chamber made of a
quartz coverslip and a CoverWell seal.

The details of the experimental setup have been described
elsewhere.45 Briefly, the ∼70 fs excitation pulses at 800 nm
were generated by a broad-band Ti:sapphire oscillator (Spectral
Physics Tsunami), which was pumped by a frequency-doubled
diode laser (Spectral Physics Millennia Xs J). The excitation
pulses are guided into a microscope (Olympus IX71) and
reflected by a short-pass dichroic filter (Chroma 650DCSX) to
focus at the sample through a microscope objective (Leica HCX
Plan Apo CS, 100X, 1.40-0.7 NA, oil immersion). To set the
signal intensity I0, surface-immobilized samples were first
characterized. A piezo stage (Physik Instrumente PI-577.3CL)
was used to raster scan for gold particles, from whichI0 was
measured. For diffusion-type experiments, the focal plane was
adjusted such that it is far away from the quartz coverslip.
Multiphoton luminescence was collected by the same objective,
sent through two emission filters (Chroma, E480LP and
E680SP), and detected by a single-photon counting avalanche
photodiode (Perkin-Elmer ACQR-140). Sequences of photon
detection events were time-stamped using a time-correlated
single-photon counting (TCSPC) card (Becker-Hickl SPC-630)
and recorded by a personal computer for later analysis.46 The

instrument response (∼450 ps) was measured using the reflected
laser light from a quartz-air interface with the emission filters
removed. The average laser power at the sample was maintained
at 2.3 mW such that the detection process was still within single
photon counting regime. A 15 min trajectory was generated for
each measurement and repeated at least five times for each
concentration.

3.2. Results and Discussion.Two parameters are required
for the extraction of burst signals photon by photon. They are
the background level,IB, and the brightness of the chromophore,
I0. The former can be measured from control experiments of a
blank solution and the latter from individual nanoparticles
immobilized on a quartz coverslip. A representative image used
for I0 determination is shown in Figure 6A. When parked on
individual particles for extended data acquisition, no photodeg-
radation was observed during the∼2 min imaging period. The
power dependence of photoluminescence from this collection
of particles ranges from 2.0 to 2.3. The emission spectrum is
also consistent with that from 410 nm one-photon excitation,
indicating a two-photon process populating the 3.02 eV band
reported by Varnavski et al.37 Statistical analysis ofI0 from 106
particles showed a distribution of intensity levels. This is likely
due to variations in particle size and shape, as well as due to
possible nonspecific association. The most probable intensity
from the distribution was used for photon burst detection, setting
I0 ∼ 3.2 kcps.

Figure 6. (A) Timing scheme for the time-stamped TCSPC experi-
ments. The inter-photon durations{∆} are used to estimate emission
intensity, and the time lags are used to estimate excited-state lifetime.
(B) A raster-scanned image of 60 nm gold nanoparticles on a quartz
coverslip. A 5× 5 pixel2 Gaussian filter was used for presentation
purposes. The linear scale is adjusted such that dim particles are visible.
Images like this were used to calibrate theI0 for use in the burst-finding
algorithm. For example, the brightness of the particles shown on this
image can be approximately categorized into four levels. They are 1.7,
3.2, 4.9, and 8.2 kcps. (C) Distribution of observed brightness over
106 particles. The most probable intensity peaks at about 3.2 kcps.
Inset: A TEM image of 60 nm gold particles showing variations in
shape, orientation, and possibly aggregates (scale bar at the bottom-
left corner: 200 nm). These factors are likely to contribute to the
distribution in the observed multiphoton emission.

21934 J. Phys. Chem. B, Vol. 109, No. 46, 2005 Zhang and Yang



A portion of the time trace from a control experiment of blank
sample is shown in Figure 7A. It gives an average photon count
of IB ∼ 120 cps, basically the dark count rate of the APD.
Together with I0 determined earlier this gives a signal-to-
background ratio of∼28. The expected detection delay was
found to be about 11 photons (cf. eqs 7 and 5 and Figure 5).
No signal bursts were identified when applying our burst-finding
algorithm to data acquired from blank samples. A typical time
trace for nanoparticle-containing solution is shown in Figure
7B. The two visible signal bursts were readily identified by our
method. The excited-state lifetime from these fleeting nano-
particles was measured by constructing a histogram of the time
lag between the excitation pulse and the photon arrival time.47-50

Displayed in Figure 7C is such a histogram constructed using
photons harvested from the indicated burst. It shows a detector-
limited radiative decay, as indicated by the overlaid instrument
response curve. Heterogeneity in the radiative decay is also
observed and is tentatively attributed to the nonuniformity of
the sample as well as to the uncertainties in the lifetime fitting.
This, however, does not affect our use of lag-time histogram to
characterize the performance of our new method. The back-
ground region of a time trace is also easily identified. Their
lag-time histograms appear uniformly distributed, as expected
from APD dark count and incoherent scattering light (cf. Figure
7D). Such a sharp contrast in lag-time histogram allows us to
assess the effectiveness of our burst-finding method. Since the
determination of signal bursts from a data sequence can also
be considered as a binary classification between signal and
background regions, gold nanoparticle emission photons that
are not identified as signal (misclassified) will appear as a
pronounced peak in the background lag-time histogram.

To evaluate the effectiveness of our photon-by-photon
approach, we compared it with a simple binning-thresholding
method. A time trace of lengthT is binned withδ to give a
total ofNb ) T/δ time bins. The probability density of detecting
n photons in each time bin from a blank experiment is given
by a Poisson distribution, Poi(n|IB) ) (IB)n exp[-IB]/n!. To
define the threshold,nth, that classifies a binned trajectory into
regions of signal or background, one considers a false-positive
error rate,Rth ) 1/Nb. The comparison is made for each time
bin. In this way, at most, one false-positive identification is made
if the sample is blank. This is in the same spirit as the error
rate used in the photon-by-photon approach (R ) 1/N), where,
at most, one false-positive photon is assigned;nth can be found
numerically by solving the equation,∑n)0

nth Poi(n|IB) ) 1 - Rth.
The results are displayed in Figure 8. Pronounced population

at around 2 ns in the lag-time histogram indicates successful
collection of information-rich photons (cf. Figure 8A). The small
number of misassigned photons by our burst-finding method is
expected (Figure 8B) because of the conservativity criterion that
is explicitly built in the procedure (cf. Figure 2). Our new
approach appears to be most effective in collecting photons from
the information-rich regions compared to the binning-thresh-
olding method at various bin widths. More quantitatively, the
effectiveness relative to the photon-by-photon approach in
harvesting signal photons can be characterized by comparing
the number of photons contained within the 1.5-4.9 ns region.
They are 15% for the 100µs bin, 57% for the 1 ms bin, 91%
for the 10-ms bin, and 61% for the 100 ms bin. Note that the
burst-finding procedure proposed here achieves the highest
efficiency without any variational parametrization.

For potential applications, for example, it would be advanta-
geous in sensing if the analyte concentration can be quantified
by simply counting the number of detected bursts. Possible
scenarios include applications in capillary electrophoresis, in
microfluidic or nanofluidic devices, and in open-volume detec-
tion with ultralow analyte concentration. To test the feasibility
of using the photon-by-photon method in this type of applica-
tions, we have carried out initial experimental characterization
for the open-volume case. Results from samples of different
concentrations are summarized in Figure 9. A clear linear
dependence is observed, with a correlation coefficientr > 0.99
for concentrations less than 20 pM. Since the number of bursts
detected per unit time is a stochastic variable, it is important to
repeat the experiment a few times so that the mean converges.
Several factors may contribute to deviation from linearity at
higher concentrations. Off-focus chromophores are expected to
play a role. Other factors include having more than one particles
in the detection zone and the limited resolving power to trace
the true trajectory of a chromophore transiently coming in and
out of the detection zone. More advanced post-collection
statistical analyses are needed to address these issues that are
important for treating reactive systems and for studying diffusion

Figure 7. (A) A typical 10 s intensity trace from a blank sample, binned
at 10 ms. (B) A 10 ms binned time trace from a 2.5 pM sample showing
two photon bursts originating from gold nanoparticles diffusing through
the focal volume. For this particular sample, a total of 117 bursts were
harvested from a 15 min trajectory. (C) Radiative decay constructed
from the indicated photon burst. The solid line is an instrument response.
(D) Radiative decay trace constructed from the indicated region where
there is no signal burst.

Figure 8. (A) Lag-time histogram of harvested photons from the 2.5
pM sample shown in Figure 7, suggesting that the photon-by-photon
method (thick black line) is indeed more efficient compared to the
binning-thresholding method at various bin times. (B) Lag-time
histogram of photons from the background regions, showing that the
photon-by-photon method does not lose too much information from
misclassifying signal photons to background and compares admirably
with the binning-thresholding method.
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dynamics in disordered media that may exhibit a time-dependent
diffusion coefficient.51,52 Works to extend this approach to
multispectral single-molecule spectroscopy is also underway.53
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Appendix: Computer Simulation Details

The computer simulations assumed an idealized situation in
which there was, at most, one particle in the detection zone. It
was further assumed that the analyte was composed of hard-
sphere particles of hydrodynamic diameter,d, that were freely
diffusing inside a simulation box of dimensionb × b × b. The
periodic boundary condition was imposed during the simulation,
in which the size of the simulation box was determined by user-
supplied analyte concentration. Under the slip (or nonstick)
approximation, the diffusion constantD of a test particle follows
the Stokes-Einstein relation at temperatureT:

wherekB is the Boltzmann constant andη the bulk viscosity of
the solvent. On a coarse-grained time scale,δt, the diffusion
dynamics can be modeled by the position Langevin equation,54

in which the propagation of particle position follows55

where each component ofδrG is polled from an independently
identically distributed Gaussian density with mean 0 and
variance〈(δri

G)2〉 ) 2Dδt. Under these conditions, the prob-
ability density of detecting one photon at any given instantt is

In the simulations reported herein, a numbera was drawn
randomly from a uniform distribution between 0 and 1. A
detection event occurred ifa < I(t)δt, when the chronological
time t, the inter-photon duration∆, the particle positionr , and
the intensitiesIS(t) andIB(t) were recorded. The simulation was

terminated when the desired trajectory length has been recorded.
For Figure 1, the analyte concentration of this simulation is 10
pM, d ) 10 nm,T ) 298.15 K,η ) 0.89 mPa‚s (water),σx )
σy ) 255 nm,σz ) 1020 nm,I0 ) 20000 cps,IB ) 200 cps,
andδt ) 1 µs.
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