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Improving zero-mode waveguide structure for enhancing signal-to-noise ratio of real-time
single-molecule fluorescence imaging: A computational study
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We investigated the signal-to-noise ratio (S/N ) of real-time single-molecule fluorescence imaging (SMFI)
using zero-mode waveguides (ZMWs). The excitation light and the fluorescence propagating from a molecule in
the ZMW were analyzed by computational optics simulation. The dependence of the S/N on the ZMW structure
was investigated with the diameter and etching depth as the simulation parameters. We found that the SMFI
using a conventional ZMW was near the critical level for detecting binding and dissociation events. We show
that etching the glass surface of the ZMW by 60 nm enhances the S/N six times the conventional nonetched
ZMWs. The enhanced S/N improves the temporal resolution of the SMFI at physiological concentrations.
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I. INTRODUCTION

Single-molecule fluorescence imaging (SMFI) of a weak
ligand-enzyme interaction at physiological concentrations
requires confinement of excitation light within an extremely
small volume [1]. To fluorescently identify an enzyme-bound
ligand among the unity of nonbinding ligands in solution, the
excitation light must be irradiated to the bound ligand like a
spotlight. Such a small excitation volume can be achieved by
scanning near-field optical microscopy [2], Förster resonance
energy transfer [3], or zero-mode waveguides (ZMWs) [4,5].
Among the methods, the ZMW is advantageous in terms
of ultrasmall excitation volume (∼zeptoliter), real-time de-
tection, and parallel analysis. So far, real-time sequencing
of deoxyribonucleic acid (DNA) [6,7] or amino acid [8],
real-time imaging of protein-protein interaction [9–11], and
live-cell imaging of membrane proteins [12,13] have been
demonstrated using ZMWs.

The ZMW is a subwavelength nanohole in a thin metal film
on a glass coverslip [Fig. 1(a)]. Since the nanohole diameter
is smaller than the excitation wavelength, the excitation light
is confined within the nanohole where an enzyme of interest is
immobilized [Fig. 1(b)]. The principle of real-time SMFI is as
follows. Most dye-labeled ligands undergo Brownian motion
in the solution, and they never emit fluorescence outside the
nanohole. The ligands enter and exit the nanohole randomly.
The ligand emits fluorescence if it enters the nanohole, but
the fluorescence intensity is still weak because the excitation
volume is sufficiently small as compared to the ligand
concentration: Namely, the time-averaged number of ligands
within the excitation volume is much less than 1. In contrast,
the ligand emits comparatively strong fluorescence when it is
bound to the immobilized enzyme. As a result, the fluorescence
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from an enzyme-bound ligand (“signal”) is superimposed onto
the fluorescence from free ligands (“background”), thus, the
binding and dissociation can be measured as the temporal
alternation in the fluorescence intensity.

The background fluorescence intensity fluctuates tempo-
rally in accordance with the entrance and exit of the ligands. As
shown in Fig. 1(c), the temporal fluctuation gives rise to noise
because the randomly fluctuating background fluorescence
overlaps the signal fluorescence that represents the binding
events. This mixing makes it difficult to distinguish the binding
events when the signal-to-noise ratio (S/N ) is low. In the
case of real-time single-DNA sequencing, missing a binding
event leads to a sequencing error [6]. For the analysis of
ligand-enzyme interaction kinetics, binding time needs to
be measured precisely [10]. Since the background intensity
depends on the excitation volume [4], the feasibility of SMFI
needs to be examined from the viewpoint of the S/N .

Recently, we found that etching the glass surface at the
nanohole base dramatically enhances the signal intensity [9].
The results suggest that the S/N can be enhanced by optimiz-
ing the ZMW structure, such as the etching depth. However, it
is still unclear whether the etching contributes to S/N enhance-
ment because, at least, the etching increases the excitation
volume and, hence, the background intensity. Since the back-
ground intensity can be reduced by decreasing the nanohole
diameter, both the etching depth and the nanohole diameter
need to be taken into account in the evaluation of the S/N .

To investigate the dependence of the S/N on the ZMW
structure and to provide theoretical background for the real-
time SMFI, we analyzed the intensity of single-molecule
fluorescence in ZMWs by three-dimensional computational
optics simulation. Both the signal fluorescence intensity from
an enzyme-bound ligand and the background fluorescence
intensity from free ligands within the excitation volume were
calculated. By comparing the signal intensity with the noise
intensity, we evaluated the critical concentration at which
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FIG. 1. Schematics of real-time SMFI using ZMW. (a) Geometry
of the computational optics simulation model. (b) The binding
and dissociation between a dye-labeled ligand and an enzyme
immobilized on the nanohole base. (c) Fluorescence signal detected
in a ZMW. In the trace shown here, the signal intensity is sufficiently
high as compared to the noise intensity (S = 5σ ).

the direct observation of binding-dissociation events between
a ligand and an enzyme is feasible. From this simulation,
we derive the ZMW structure suitable for real-time SMFI at
physiological concentrations.

II. COMPUTATIONAL OPTICS SIMULATION

A finite-element time domain simulation for electromag-
netic wave propagation problems was performed using the
EMFLEX code (Weidlinger Associates, Inc.) [14]. Figure 1(a)
shows a schematic of the simulation model which encompasses
a 2-μm cube. A glass substrate, an aluminum film (thickness:
100 nm), and water were aligned in the z direction, and a
nanohole was placed in the center. The grid mesh was set
to be fine (3-nm intervals) in the vicinity of the nanohole
and coarse (17-nm intervals) in the peripheral region. The
electric permittivity of the glass, aluminum, and water were
set to be 2.12, −5.01 × 10−10, and 1.78 F m−1, respectively.
The electric conductivity of the aluminum was set to be
−5.01 × 105 S m−1 [15].

Theoretically, the fluorescence intensity from a ligand at
position r is given by F (r) = I (r)P (r)Q(r), where I (r) is the
intensity of excitation light, P (r) is the detection efficiency (or
dipole coupling efficiency [4]), and Q(r) is the quantum yield
of the fluorescent dye [16–18]. Because I (r) and P (r) depend
strongly on the depth z at which the ligand is fluorescently
excited and independent of x and y at a constant depth,
we ignore the in-plane distributions of I (r) and P (r) as is
conventionally done [4]. Also, we assume a constant quantum
yield of Q(r) = 1. On the basis of the above assumptions,
the fluorescent intensity is approximated as F (z) = I (z)P (z),
where z is the depth at which the ligand is fluorescently excited.
For convenience, the z axis is defined as the central axis of the
nanohole.

The procedure for calculating F (z) is as follows. The
first simulation was performed to obtain the distribution of
excitation light intensity I (z). In this simulation, the ZMW
with a given diameter and an etching depth was irradiated with
a circularly polarized light at a wavelength of 635 nm from the
basal plane of the simulation model. The electromagnetic field
vector at each grid point was calculated by solving the Maxwell
equations in the time domain based on the finite-element
approach. The time domain calculation was carried out until a
steady state was achieved. We extracted the depth distribution
of the electric field vector along the z axis, and I (z) was
obtained as a square of the electric field vector. The second
simulation was performed to obtain the detection efficiency
P (z). The second simulation was carried out separately from
the first simulation. Here, a pointlike source of light was set in
the ZMW, and the wave propagating from this pointlike source
of light was simulated. Excitation light was not introduced,
and the pointlike light source was the only light source in the
second simulation. The diameter of the pointlike light source
was set to be 24 nm, and the inner boundary condition was
defined so as to emit a diffusive light at a wavelength of
670 nm. The emission power was fixed in the simulation.
Thus, the pointlike source of light represented fluorescence
emitted from a ligand within the nanohole at a fixed excitation
intensity. Since the fluorescence propagating back into the
glass substrate is captured by the photodetector, the intensity
of light at the whole outer boundary of the glass region of the
simulation model was regarded as P (z). The simulation for
P (z) was performed every time the position of the pointlike
light source was changed along the z axis. Also, the simulation
was performed three times for the same depth z, each with the
pointlike source of light polarized in the x, y, or z direction.
This is because the ligand moves freely in the waveguide,
hence, the orientation of the fluorescent dye at z also fluctuates
randomly. We averaged three P (z) values obtained from the
pointlike light source polarized in the x, y, or z direction.
Finally, F (z) was calculated by multiplying I (z) and the
averaged P (z).

The background fluorescence intensity from free ligands
within the excitation volume was estimated as B = CVeff ,
where C is the concentration of fluorescently labeled ligands
and Veff is the effective excitation volume. As reported
previously [4,19], the effective excitation volume can be

calculated as Veff = π ( d
2 )2 [

∫
F (z)dz]2

∫
F 2(z)dz

. To evaluate Veff , we
divided the nanohole volume into j slabs in the z direction
[see the inset of Fig. 3(c)] and calculated the discrete F (zj )
values. This is because P (z) was calculated by placing a
pointlike source of light in each j slab, hence, P (z) was
not obtained as a continuous function but as discrete values.
Thus, the background fluorescence intensity was calculated as

B = Cπ ( d
2 )2 ∑

j

[F (zj )�z]2

F 2(zj )�z
.

III. RESULTS AND DISCUSSION

Achieving a high S/N is a requirement to measure binding
and dissociation between a ligand and an enzyme fluorescently.
To examine the S/N , both the signal intensity and the noise
intensity must be evaluated. Fluorescence from a ligand bound
to an enzyme in the ZMW determines the signal intensity (S).
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We assume that the enzyme is immobilized in the center of the
nanohole base and the ligand emits fluorescence in the same
position. Thus, S is calculated as S = F (z0) = I (z0)P (z0),
where z0 is the depth of the nanohole base.

Meanwhile, the magnitude of fluctuation in the fluorescence
from free ligands determines the noise intensity (N ). The
number of ligands found in the excitation volume in a
unit time obeys Poisson distribution; hence, the number of
photons that is emitted from the free ligands in a unit time
and, consequently, that reaches a detector obeys Poisson
distribution. The mean value of this Poisson distribution is
equivalent to B. Since mean and dispersion are equal in a
Poisson distribution, the root mean square deviation is given
by σ = √

B. Generally, root mean square noise N is defined
to be equivalent to σ [20,21], therefore, N is calculated as
N = √

B.
Figure 2 shows the dependence of the excitation intensity

on the ZMW structure. As shown in Figs. 2(a) and 2(b), the ex-
citation volume decreases markedly with decreasing nanohole
diameter. This indicates that N diminishes with decreasing
nanohole diameter because, at a constant ligand concentra-
tion, N = √

CVeff . Meanwhile, the excitation intensity also
decreases with decreasing diameter. As shown in Fig. 2(c), I (0)
decreases 2.9 times as the diameter of conventional nonetched
waveguide decreases from 150 to 50 nm. This decrease in

FIG. 2. Evaluation of excitation intensity I (z). Distribution of
the excitation light in the vicinity of the ZMW for a diameter of
(a) 50 and (b) 150 nm. (c) Excitation intensity profile along the central
axis of the nanohole. Since the difference between the I (z) profile
for the conventional waveguide and that for the etched waveguide is
negligible, a single representative curve is depicted for each diameter.
In the vicinity of the aluminum-glass interface, the excitation light
forms a standing wave, the first peak of which is depicted with an ∗.

the excitation intensity leads to a decrease in the fluorescence
intensity from the enzyme-bound ligand because the signal
intensity of a conventional nonetched waveguide is given by
S = I (0)P (0). These results indicate that miniaturizing the
nanohole diameter is not effective for enhancing the S/N

because the decrease in N is counterbalanced by the decrease
in S.

The simulation results show, however, that etching the glass
surface of the nanohole base is effective for increasing S. As
shown in Fig. 2(c), the peak of the excitation light is located at
a depth of a quarter of a wavelength inside the glass because the
excitation light is reflected by the aluminum film and forms a
standing wave in the glass (for more details, see the Appendix).
As the result, the excitation intensity at z = −60 nm [I (−60)]
is 4.1 times higher than that at the bottom of the conventional
nonetched waveguide [I (0)]. Furthermore, as shown in Fig. 3 ,
the etching of the waveguide base also enhances the detection
efficiency. The fluorescence from the ligand in the etched
region propagates freely to the detector [Fig. 3(a)], whereas,
the fluorescence does not reach the detector efficiently when

FIG. 3. Evaluation of detection efficiency P (z). (a) Wave prop-
agation from a pointlike source of light placed at the basal plane
of a 60-nm-etched waveguide (diameter: 100 nm), and (b) wave
propagation from a pointlike source of light placed further from
the glass. (c) Detection efficiency P (z). Since the simulation results
revealed little difference in the P (z) when the nanohole diameter was
changed from 50 to 150 nm, only one line representing the detection
efficiency of a 100-nm-diameter nanohole is shown.
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FIG. 4. The S/N in the SMFI with ZMWs of different diameters and etching depths. The S/N was calculated as F (z0)/
√

B. Dotted lines
indicate the detection limit (S = 3σ ) for real-time SMFI.

the ligand is placed further from the glass surface [Fig. 3(b)].
Even in the etched region (z < 0), the detection efficiency
increases with increasing etching depth [Fig. 3(c)]. As the
result, the detection efficiency of the 60-nm-etched waveguide
[P (−60)] is 2.1 times higher than that of the conventional
nonetched waveguide [P (0)].

The etching of the glass surface increases not only
the signal intensity, but also the excitation volume, resulting in
the increase in the noise intensity. In this sense, the effect of the
etching must be evaluated in terms of the S/N . Figure 4 shows
the dependence of the S/N on the ZMW structure. As shown
in Figs. 4(a)–4(c), the S/N of the conventional nonetched
waveguide is almost constant, independent of the nanohole
diameter. This is because, as discussed above, the decrease
in the excitation volume and, hence, the decrease in N are
counterbalanced by the decrease in S. In contrast, the S/N

of the etched waveguide increases with decreasing nanohole
diameter. This indicates that, although the etching increases the
excitation volume, the increase in S exceeds the increase in N .
The reason is as follows. The excitation volume is proportional
to the etching depth and to the square diameter. Accordingly, N
is proportional to the square root of the etching depth and to the
diameter. This indicates that the increase in N due to etching
can be compensated by decreasing the diameter. Meanwhile, S
is enhanced by the etching because of the increase in both the
excitation intensity and the detection efficiency. As a result, the
increase in the S/N by the etching is obvious in the smaller
waveguides. The S/N of 60-nm-etched waveguide is more
than six times higher than that of the conventional nonetched
waveguide.

Microscopy analysis, in general, requires signal intensity
greater than 3σ [18]. It follows that real-time SMFI using
ZMWs requires the condition of S/N > 3. Under this con-
dition, the probability of missing a binding event is less
than 0.5%. This detection limit is depicted with dotted lines
in Fig. 4. It is obvious that the S/N of the conventional
nonetched waveguide is comparable to the detection limit,
whereas, the etched waveguide exceeds the detection limit at
a concentration as high as 10 μM.

Enzymes are sometimes immobilized on a glass surface
with bifunctional cross-linkers to maintain their biological
activity [22,23]. When long linkers are used, the S/N

decreases because the enzyme is placed apart from the glass
surface (z > 0). In addition, placing organic dye molecules
in the vicinity of the metal clad causes a decrease in the

fluorescence intensity due to charge transfer. Therefore, it is
advantageous to etch the glass surface and to immobilize the
enzyme in the etched region.

IV. CONCLUSION

To investigate the feasibility of real-time SMFI using
ZMWs, we conducted a series of computational optics sim-
ulations and evaluated the dependence of the S/N on the
ZMW structure. The etching of the nanohole base increases
both the excitation intensity and the detection efficiency.
Although the noise intensity is simultaneously enhanced by the
etching, the increase in the signal intensity exceeds that in the
noise intensity, resulting in the marked increase in the S/N .
As a result, the S/N of 60-nm-etched waveguide 50 nm in
the diameter greatly exceeds the critical level for the real-time
SMFI. We conclude from the computational optics simulation
that the etched waveguide is advantageous for visualizing
binding and dissociation events clearly in real time.
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FIG. 5. Standing waves of the incident excitation light formed in
the vicinity of a ZMW. (a) The incident light is reflected directly by
the metal. (b) The incident light penetrates into the nanohole. The
first peak of the standing wave is depicted with an ∗.
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APPENDIX: FORMATION OF A STANDING WAVE

Because no propagating modes exist in a subwavelength
nanohole, the metal film with nanoholes totally reflects the
incident excitation light. Ideally, the metal layer on the glass
substrate creates a boundary condition that the light intensity
vanishes at the metal-glass interface. This reflection induces
the formation of a standing wave in the glass, and the point of
the maximum intensity is located at a depth that is a quarter
of a wavelength inside the glass [see wave (a) in Fig. 5]. Such
a standing wave is also formed when the nanohole is directly
illuminated with the excitation light [see wave (b) in Fig. 5].

However, because the excitation light penetrates into the
nanohole, the location of the peak shifts toward the interface.
The distance δ depends on the depth of penetration to the
nanohole. Because, as shown in Fig. 2(c), the penetration depth
increases with increasing nanohole diameter, δ decreases with
increasing nanohole diameter. The simulation results showed
that, when the ZMW is illuminated with an excitation light at
the wavelength (λ) of 635 nm, δ is approximately 99 nm for
the 150-nm-diameter ZMW, 96 nm for the 120-nm-diameter
ZMW, 93 nm for the 100-nm-diameter ZMW, 90 nm for the
80-nm-diameter ZMW, and 84 nm for the 50-nm-diameter
ZMW.
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