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INTRODUCTION

In recent years, single-molecule detection (SMD) in
fluid flow has become a widely used technique in ultra-
sensitive fluorescence detection, (see, e.g., Ref. 1 and ref-
erences therein). Some of the most promising applica-
tions are high-speed DNA sequencing,?” sizing of DNA
fragments,5® genetic screening,®!® diagnostics,!""!? and ul-
trasensitive chemical analysis. !

The detection of a single molecule in a fluid flow at
room temperature is a challenging task, which is due to
several effects: the surrounding liquid and possible con-
tamination in it cause high background signals; photo-
bleaching effects restrict the overall number of detectable
photons from one molecule; and diffusion can cause the
molecule to miss the exciting laser beam when flowing
along the capillary. With respect to many applications,
such as rapid DNA sequencing, it is desirable to have a
detection efficiency as high as possible for the molecules
flowing through the capillary, which restricts the mini-
mization of the excitation-detection volume, thus impos-
ing limits for the decrease of the background signal.

There are different approaches for increasing the sig-
nal-to-background ratio in SMD experiments, among
which are hydrodynamic focusing to reduce the sample
stream diameter,'”® application of time-resolved fluores-
cence techniques,'®!” and use of high-efficiency optical
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filters for separating the scattered light from the fluores-
cence.'®

One suggestion, which often occurs in the search for
methods for enhancing the SMD efficiency, is the use of
multiple excitation-detection regions along the capillary
and the application of an analysis for correlating the pho-
ton detection data from the different regions. The basis
of this approach is the recognition that a flowing mole-
cule will cause a highly correlated fluorescence signal
from consecutive excitation-detection regions, with a cor-
relation time, on average, equal to the mean travel time
of the molecule from one excitation-detection region to
the next. In this note we demonstrate that, at a constant
laser power, no improvement results from using time-
correlated detection from multiple-foci regions. Although
we will restrict ourselves to the analysis of single-mole-
cule detection in this paper, the methods used and the
obtained results will be valid for general flow detection
experiments, including flow cytometry.

DISCUSSION

To demonstrate the general method of analysis, we first
study a simple example. Two cases are considered:

1. Signal is collected from one detection region irradiated
by an excitation laser at power P.

2. Signal is collected from two detection regions, each
irradiated by an excitation laser at power P/2.

In the first case, photons are detected in one channel
with Poissonian statistics with mean number m, and in
the second case, photons are detected in two channels
with Poissonian statistics with mean m/2 per channel. The
schematic setup of the two-channel experiment is shown
in Fig. 1. It is assumed that there is a uniform movement
of the molecule along the flow axis, and no diffusion
takes place. The signal in the second channel is collected
at a time interval after the signal in the first channel, with
the time interval equal to the travel time of the molecule
between the two channels.

In both setups one has the two possible cases: pure
background (m = m,,) and background plus a molecule’s
fluorescence (m = my + Mimet). The corresponding Pois-
sonian probability distributions for each experiment are
then

m"

P,(N) = A exp(—m) (1)
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with either m = my, or m = My, + Mo, and N, N, N,
denoting the number of detected photons. To make a
comparison between the two methods of detection, one
has to calculate the accuracy with which one can distin-
guish a molecule from the background. The optimal
method for doing this is by means of the maximum like-
lihood function (MLF)."2! For a given experimental
number of detected photons, the MLF is the logarithm of
the ratio of the probability that this number was produced
by a molecule plus background to the probability that the
same number was produced by the background alone.
Thus, for our example, the MLFs are

Pu(Ni, N2) = exp(—m) 2)

L= Nlog(l + mm) — Mol 3)
Mg
in the one-channel experiment and
L, = (M + M)lOg(l + mmm) — Mol (4)
Mg

in the two-channel experiment.

To perform an error analysis of both experimental set-
ups, one has to calculate the probability distributions for
L; and I, for the cases of pure background and of pure
background plus molecule. These are given by

Pm(Ll) = é PIN(N)6(L1 - Nlog(l + mﬂlﬂl) + mmol)

Mg
© dk < m” m
= [ & S Eexplikr, — ikviog] 1 + Lt
[ 35 5 B — o1 2
_ik]nmol_m

© dk
— lw %exp[ik(Ll — Mmo) — M +m

- exp(—iklog(l + miye/myg))]
(%)

in the one-channel setup and by
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‘ Second focus

Principal sketch of a two-foci experimental setup.
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(6)

in the two-channel setup. In both cases, the subscript m
can have the value my, and m,, + Mo, according to the
two cases of pure background and background with mol-
ecule, respectively. As can be seen from the last rows in
Egs. 5 and 6, the probability distributions of the MLF are
identical for both experimental setups, which indicates
that both setups yield the same error rates for detecting
the molecule. There is nothing to be gained by using the
two-foci setup and correlating the signal between the two
regions.

In reality, however, two major complications arise in
single-molecule detection experiments: the photodestruc-
tion of the fluorescing molecule during the detection pro-
cess, and the diffusion of the molecule, causing escape
from the detection volume. In the following, we concen-
trate on the role of photobleaching and neglect diffusion
processes. We will make some comments about the role
of diffusion at the end of this note.

The photodestruction of a single molecule complicates
the exact description of the photon detection process sig-
nificantly. In the absence of a single molecule, the photon
detection probability is the same as above, namely, Egs.
1 and 2, with m = m,. But the probability distributions
in the case where a molecule is present now read (for
details see Ref. 21):



PLLI(N) = # j dtoV i (to)V I (261)
expl Ve (to) — Vui(to)]
Fviespl—vi () —ved] (1)

for the one-channel setup, and

PRUN, M) = B(V:) ﬁ i M(W) |

2N! 2

NI 2 2

1 (v \" [ve@\®
NI!NZ!\ 2 2

e e ]

‘exp

—Vr (l) - Vbl(l)]
(8)

for the two-channel setup, where the abbreviations

Vi (to) = Mg + j dTpe (7)

V(1) :ﬁ dTUL(T) )

were used, with u{(T) and py(T) denoting the time-depen-
dent fluorescence detection and photobleaching rates, re-
spectively, and m,, the mean number of detected back-
ground photons during the mean passage time ¢ (through
one focus). From Egs. 9 it can be seen that v{(#,) is the
mean number of detected photons if the molecule is
bleached at time #,, and exp][ —Vu(Zw)] is the probability
that the molecule is not photobleached until time #,. In
deriving Egs. 7 and 8, it was again assumed that the
signal from the second channel is collected with a time
delay to the signal from the first channel with a delay
equal to the travel time of the molecule from focus one
to focus two. In Eq. 8, it was assumed that no photo-
bleaching takes place between the two detection regions.
For the sake of simplicity, we will assume that the de-
tection efficiency is coordinate-independent over the
complete volume of the focused laser beam. Then it oc-
curs that vi — m, = Ay, with A being the ratio of the
product of overall detection efficiency and fluorescence

quantum yield to photobleaching quantum yield. With the
use of the abbreviations

Xy — Vbl(l)
b = my, (10)
all involved probabilities can be rewritten as
bN
PN) =" exp(—b) (11)

(bI2)V+:

AN, ) =
P(bg( 1 2) M'ZVZ'

exp(—b) (12)

POLN) = ﬁ{ﬁ Cdx (x + b)Y

exp[—(1 + A)x — b]
+ Oux, + b)Y

exp[—(1 + M)x; — b]} (13)

and
u 1 (Ax+b\"
2) — L
PN, V) = S(\2) I dv g !(—2 )
(1L 4+ M)x — b]
exp|—
2
1 A +b)\"
N;! 2
. (A +Mx,—b
Xp 5
. de 1 (Ax+b\"
2N,! 2
‘exp —(_)_1 + );x —b (14)
+ 1 _(Ax +b e
N!N,! 2

exp[—(1 + A)x; — b].

The computation of the corresponding MLF probability
distributions can be done only numerically. Having these
distributions in hand, one can easily compute the errors
of detecting a molecule when no molecule is present
(false positive) and of not detecting a molecule when it
is present (false negative). This is done by setting a
threshold value I of the MLE and assuming there is a
molecule to be detected if the corresponding MLF value
is larger than this threshold, and assuming that no mol-
ecule is present when the MLF value is lower than this
threshold. Thus, the error rates (for this given threshold
value L) are
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FIG. 2. Error rate for the one-focus (top) and two-foci (bottom) ex-

periment. The parameters used were: A = 100 and b = 5Ax.

error = dL PL2 (L) (15)
Jw
for false positives and
L
error = dL PL3(LD) (16)

for false negatives. In the following calculations, the
threshold value Iy was chosen in such a way that the
errors for false positives and false negatives are equal. In
Eqgs. 11-14, there are three adjustable parameters: x;, de-
termining the bleaching rate, e;¥; A, determining, together
with x;, the mean number of detected photons; and b,
giving the mean number of detected background photons.
For our model calculations we fixed A to be equal 100,
and b was chosen in such a way that the maximum (no
photobleaching) signal-to-background ratio, (Ax, + b)/b,
was always equal to 1.2. The only parameter varied was
X The result of the error calculations is shown in Fig. 2,
for x; varying between 0.1 and 0.9. As can be seen, pho-
tobleaching causes a difference in the detection errors for
the one-focus and two-foci case (in contrast to the result
of Egs. 5 and 6). It appears at first glance that the two-
foci setup has better detection efficiency than the one-
focus setup. This is misleading. The reason for the im-
proved error rate is that the two-foci setup provides more
information about a single molecule’s photobleaching dy-
namics by splitting the detection time into two parts.
However, the same can be done in the one-focus case,
simply by dividing the detection time 7 into two parts and
counting the number of the detected photons separately
for the time intervals {0,#2} and {#/2,t}. If the excitation
profile is symmetric with respect to time #2, then the
corresponding photon detection probabilities are the same
as in the two-foci setup, and also the error rates. Thus,
the calculation shows that it is advantageous to look at
the photon detection process with some time resolution

446  Volume 51, Number 3, 1997

for decreasing the SMD error, but there is no advantage
of using two foci as opposed to one.

In cases where molecular diffusion plays a role, the
situation becomes even worse for the two-foci experi-
ment, since when traveling from the first focus to the
second there will always be a nonvanishing probability
that the molecule diffuses away from the flow axis and
misses the second focus. We also neglected dark counts
in the detectors, since they can only worsen the situation
for the two-foci setup.

In our above considerations we did not include optical
saturation of the fluorescing molecule. Indeed, because of
the convex shape of the saturation function one can ex-
pect to gather more fluorescence photons when exciting
longer with a lower intensity. Thus, in a two-foci exper-
iment one will receive more fluorescence photons than in
a one-focus experiment with the same total laser inten-
sity. But this result can be achieved, too, in the one-focus
experiment by lowering the laser intensity and propor-
tionally increasing the mean transit time (by decreasing
the flow velocity) or by elongating the excitation region.
Thus, again, the two-foci setup does not bring any im-
provement for the SMD efficiency.
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