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Abstract: We investigate a model bioassay in a liquid environment using a z-scanning planar
Yagi-Uda antenna, focusing on the fluorescence collection enhancement of ATTO-647N dye
conjugated to DNA (deoxyribonucleic acid) molecules. The antenna changes the excitation and
the decay rates and, more importantly, the emission pattern of ATTO-647N, resulting in a narrow
emission angle (41°) and improved collection efficiency. We efficiently detect immobilized
fluorescently-labeled DNA molecules, originating from solutions with DNA concentrations down
to 1 nM. In practice, this corresponds to an ensemble of fewer than 10 ATTO-647N labeled
DNA molecules in the focal area. Even though we use only one type of biomolecule and one
immobilization technique to establish the procedure, our method is versatile and applicable to
any immobilized, dye-labeled biomolecule in a transparent solid, air, or liquid environment.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The detection of biomolecules at low concentrations [1,2] is crucial for the early-stage diagnostics
of diseases. However, their interrogation is a real challenge since they are small and typically
mixed with other types of molecules. They are detectable upon interaction with light or via other
schemes; thus, various labeling and label-free techniques have been developed over the years
[3–6].

To enhance the collection efficiency and improve the signal-to-noise ratio (SNR), different
phenomena and techniques such as surface plasmon resonance [7], localized surface plasmon
resonance [8,9], surface-enhanced Raman spectroscopy [10,11], optofluidic Fabry-Pérot cavities
[12], nanogap antennas [13,14], and zero mode waveguides [15] have been employed.

In some cases, it is essential to label the biomolecule with fluorescence dyes. However, these
suffer from blinking and photobleaching [16]. Moreover, they emit light like dipolar sources.
This further means that a significant fraction of the emitted photons cannot be efficiently collected
by optical elements. A practical approach to overcome this issue relies on optical antennas that
can change the radiation pattern, enhance the excitation efficiency and the fluorescence quantum
yield to improve the emission signal [17–20].

Most optical antennas demand precise positioning of the emitters and complicated fabrication
and experimental procedures to observe a significant change in the radiation pattern. A planar
optical Yagi-Uda antenna, which enhances the collection efficiency by beaming the fluorescent
light into a narrow cone, has been recently proposed [21]. This system is easy to fabricate and
it does not suffer from a demanding positioning with nanometer-scale precision. Namely, it is
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only essential to immobilize emitters on a transparent substrate supported by a thin metal layer;
otherwise, the translation in the (xy) plane does not play a crucial role. We further extended this
idea to a z-scanning planar Yagi-Uda antenna, where we can control the vertical distance between
the antenna elements to examine the optical properties of fluorescent beads [22].

In this work, we apply the scanning antenna approach for biosensing to detect short double-
stranded DNA (dsDNA) molecules in a liquid, immobilized on a transparent surface. Although
dsDNA molecules are not fluorescent, one of the strands in the pair features a single dye molecule,
ATTO-647N (ATTO-TEC GmbH), which enables its detection. ATTO-647N is chosen because
it is rather photo-stable and possesses a high fluorescence quantum yield. Despite the fact that
we utilize ATTO-647N labeled dsDNA molecules as a toy model, we argue that this approach is
general and that it can be applied to specific fluorescence-based bioassays.

2. Materials and methods

2.1. DNA strands and hybridization

Short dsDNA molecules are created in a hybridization process of the sequences purchased from
Integrated DNA Technologies (DNA1: 5’-/5Biosg/ GCA CGA AAC CTG GAC ATG GGA ACA
ATA -3’ and DNA2: 5’-/5ATTO647NN/TAT TGT TCC CAT CTG GTC CAG GTT TCG TGC
-3’). The sequences are modified and adjusted from Ref. [23]. In this process, 1 µL of 100
µM of DNA1 and 1 µL of 100 µM of DNA2 are mixed with 7 µL of pure water (MilliQ H2O
18.2 MΩcm) and 1 µL of 1 mM NaCl in a micro-tube and left in a hot water bath (95 ◦C) to
cool overnight. The described procedure ensures that the dsDNA constructs feature a single
ATTO-647N fluorophore on one end and a biotin molecule on another.

2.2. Flow channels

A glass coverslip (PLANO, L42342 #1) is first rinsed with pure water and isopropanol and
subsequently dried with compressed air. After the rinsing and drying steps, 15 minutes of
UV-ozone cleaning (Bioforce UV/Ozone ProCleaner Plus) increase the hydrophilic character of
the glass surface and promotes the attachment of proteins. A flow channel is eventually created
on the glass coverslip, by placing two stripes of parafilm at a distance of approximately 5 mm
and by gluing them to the surface by heating the glass coverslip on a hot plate above 60 ◦C.
The flow channel prevents the solution to spread over the sample and it provides a controllable
ATTO-647N labeled dsDNA immobilization process, which will be explained in the next step.

2.3. dsDNA attachment to the surface

The attachment of the ATTO-647N labeled dsDNA molecules in the flow channel consists of
several steps [24,25], which we follow in the sample preparation process. Biotinylated bovine
serum albumin (BSA) and neutravidin are purchased from Sigma-Aldrich (cat. no A-8549)
and Thermo Scientific (31000), respectively, and dissolved in water to the concentration of 1
mg/mL, each. After pipetting 40 µL of BSA solution into the flow channel and the incubation
time of 10 minutes, the surplus of material is washed by 400 µL (4 × 100 µL) of T50 (10 mM
Tris and 50 mM NaCl). In the following steps, we add the same volumes of neutravidin and
superblock (Thermo Scientic 37515), one after the other, with the same incubation time and
washing procedures in between. The superblock prevents any non-specic binding.

Finally, 40 µL of a solution of ATTO-647N labeled dsDNA in T50 is added and left to
incubate for 30 minutes leaving ample time for the attachment. The washing step at this point
is particularly important to remove all free-floating fluorescent molecules, which could cause
an unwanted background signal during the optical measurements. We prepare several different
samples with different concentration of ATTO-647N labeled dsDNA in T50 ranging from 10 nM
down to 10 pM.
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2.4. Fabrication of a planar Yagi-Uda antenna

A planar Yagi-Uda antenna consists of two main parts, a reflector, and a director [21]. We
purchase glass substrates coated by 2 nm titanium and 10 nm gold (Platypustech, AU.0100.CSS
Square Coverslips). The titanium layer is an adhesion layer, while the gold film plays the role
of a director. The autofluorescence of gold film increases the background signal in the optical
measurements, but it does not prevent an efficient detection of ATTO 647N (see Fig. S1).

The fluorescent molecules should be positioned at a distance in the range between λ/6n and
λ/4n from the antenna elements in order to have the maximum beaming effect. Here, n represents
the refractive index of the medium and λ is the emission wavelength in free space [21]. Therefore,
an E-beam evaporation of a 75 nm thick SiO2 layer over the gold film turns out as the most
convenient method to form a transparent spacer, which in addition does not induce quenching.

The coverslip coated with 10 nm gold and 75 nm SiO2 layers will be called the director
substrate in the rest of the text. The standard procedure of the dsDNA attachment described
for glass coverslips works well also for SiO2 and in this case the flow channel is formed on the
director substrate, following the procedure described earlier (director flow channel).

The reflector is created starting from a 250 µm gold wire (chemPUR, NO:009164), which is
electrochemically etched (37% HCl) and then milled by Focused Ion Beam (FEI Helios Nanolab
600). This is the way to manufacture a flat mirror (10 µm diameter), which plays the role of a
reflector.

The antenna elements are adjusted to be parallel to each other and the distance between the
reflector and the substrate director can be varied by a piezo stage (Newport, NPM140SG). To fix
the tilt angle and find a contact point, we observe the interference pattern caused by the phase
shift between the reflected light from the director and the reflector using a CMOS camera (ZEISS
AxioCam ERc 5s Rev.2) [22,26].

2.5. Optical setup and measurements

We detect ATTO-647N labeled dsDNA molecules with an epifluorescence microscope (Zeiss,
Axio Observer 3) equipped with an oil-immersion objective (Zeiss, Plan-Apochromat 63x/1.4).
To verify the success of the immobilization process, we use a wide-field imaging technique by
adding a lens (WFL) before the objective into the excitation path. For the excitation, we utilize a
pulsed diode laser at the wavelength of 636 nm (Picoquant, LDH-P-C-640B) with a repetition
rate of 40 MHz. The collected light from the sample is sent through a set of filters; a long-pass
(LP) (cutoff at 650 nm) and a band-pass (BP) (660-700 nm) filters to remove the reflected laser
light and reduce the background.

A homemade module holding the gold wire is mounted on top of the microscope, which
enables precise control over the distance between reflector and director using a piezo stage, as
mentioned earlier. The center of the reflector is positioned directly above the focal spot of the
laser, and it can move step-wise in the z-direction. A motorized stage (ASI, PZ-2000FT) controls
the position of the director substrate (with ATTO-647N labeled dsDNA molecules immobilized
on the surface) in the xy-directions.

At each piezo step, the emitted light is collected by the same objective and sent further
either to single-photon avalanche diodes (SPADs) (Excelitas, SPCM-AQRH-TR) or to a CMOS
camera (Andor, Zyla 4.2 Plus), depending on the type of experiment. For lifetime and intensity
measurements, we direct light towards the SPADs, which are connected to a Time-Correlated
Single-Photon Counting (TCSPC) device (PicoQuant, Pico Harp 300). To determine the radiation
pattern of the molecules, light is sent to the CMOS camera with the back focal lens in front of it.
It is also possible to replace the CMOS camera with a spectrometer (OceanOptics QE Pro) in
order to check the emission spectrum of the molecule or the fluorescence background.
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3. Results

After the immobilization of ATTO-647N labeled dsDNA molecules on the glass coverslip flow
channel, we use wide-field imaging to estimate the distribution and the number of attached
molecules (Fig. 1(a)-(f)). The attachment process is random, therefore we can clearly observe
the regions with the different densities of emitters. This becomes prominent once the DNA
concentration in the incubated solution drops below 1 nM. The set of measurements is performed
to understand the relation between the concentration of ATTO-647N labeled dsDNA molecules
in solution and the number of molecules that are eventually attached to the substrate. To
determine the fluorescence background, we functionalize a glass surface with BSA, neutravidin
and superblock, with washing steps in between, as described before, and perform wide-field
imaging (Fig. 1(f)). It is clear that the functionalization of the glass surface does not significantly
contribute to the background signal.

Fig. 1. Wide-field image of immobilized ATTO-647N labeled dsDNA. (a) Scheme of
a glass coverslip flow channel. The channel is created between parafilm stripes to ease
the washing process. (b-e) Data for samples prepared with different concentrations of
ATTO-647N labeled dsDNA molecules (from 10 nM to 10 pM) in water on a glass coverslip
flow channel. (f) Wide field image of T50, BSA, neutravidin and superblock (background) as
a reference. The excitation power before the entrance of the microscope for (b-f) is 250 µW.
(g) Scheme of a flow channel on the director substrate (director flow channel). (h-i) Wide
field images of samples prepared with buffers at a DNA concentration of 10 nM and 1 nM on
the director substrate. For samples prepared with concentrations below 1 nM, the molecules
are hardly distinguishable from the background (not shown). (j) Background fluorescence
image of the director substrate as a reference (before immobilization of ATTO-647N labeled
dsDNA molecules). The excitation power before the entrance of the microscope for (h-j) is
827 µW. In all images the excitation wavelength is 636 nm and the integration time of the
CMOS camera is 1 s. The scale bar for all figures is given in (f). The dark counts of the
camera are around 100 and they are not subtracted.

The distribution of ATTO-647N labeled dsDNA molecules on coverslips and on a thin layer of
SiO2 is the same. Therefore, we expect to obtain the same molecular distribution on the director
substrate as in the case of a glass coverslip flow channel. Figure 1(g) shows the scheme of a
director flow channel and Fig. 1(h)-(i) represents the wide field image of samples prepared with
DNA concentrations of 10 nM and 1 nM in water on the director flow channel. As shown in
Fig. 1(j), the background of the gold substrate is high and 70% of the excitation light is reflected
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by the 10 nm gold layer. Therefore, it is difficult to observe the molecular distribution for samples
prepared with DNA concentrations in water below 1 nM.

The collected fluorescence power (Pfluo) of an emitter in the planar antenna configuration is
influenced by the fluorescence radiation pattern, the excitation power (Pexc) and the excited-state
decay rate (Γ) [22]. Here, we simply probe these parameters for ATTO-647N in T50 by changing
the reflector-director substrate distance. Since the back focal plane (BFP) imaging and decay rate
measurements benefit from a higher number of detected photons, we choose samples prepared
with DNA solutions at a concentration of 10 nM in water.

In Fig. 2(a) a scheme of the BFP imaging experimental setup is presented. The reflector
is retracted step-wise from the relative zero position in the z-direction. Since ATTO-647N
dye is prone to bleaching (see Fig. S2 of the Supplement 1), our approach is to decrease the
measurement time as much as possible. This can be done either by step-size increasing or by
decreasing the photon collection times. However, to construct BFP images using a CMOS camera,
we cannot further decrease the acquisition time. Thus, a 20 nm step-size with an integration time
of 2.2 s for each step seems like an appropriate solution.

Fig. 2. ATTO-647N labeled dsDNA in the scanning planar antenna with liquid
medium. (a) Schematic diagram of the scanning Yagi-Uda antenna configuration and the
optical setup. The medium between reflector and director substrate is the T50 buffer. The
sample was prepared from a solution of dsDNA molecules at a concentration of 10 nM in
water. 95% of Ptot is detected by the CMOS camera and 5% is recorded by the SPAD. CF
is a clean up filter, M is a mirror, L is a lens and WFL is a wide-field lens. (b) Pfluo, Pbg
(counts) and the decay rate (ns−1) as a function of distance between reflector and director
substrate. The red dashed line is obtained by averaging three neighboring values of the
decay rate. (c-d) The radiation pattern for two selected positions marked by a circle and a
triangle in (b). (e) BFP image of ATTO-647N labeled dsDNA molecules immobilized in the
coverslip flow channel.

The collected light from the sample is sent through the filter set and detected by the CMOS
camera or the SPAD. The radiation pattern of the emitters is recorded by the CMOS camera.
On the other hand, using TCSPC we construct a decay histogram. The integration of this
histogram determines the total emitted power (Ptot), which comprises the fluorescence signal of
the ATTO-647N dyes (Pfluo) and the background (Pbg). By deconvolving the decay histogram,
using the instrument response function (IRF), one can plot the Pfluo and Γ as a function of distance
between the director substrate and the reflector, as shown in Fig. 2(b). In this experiment the Pbg

https://doi.org/10.6084/m9.figshare.17161109
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is much smaller than Pfluo, which gives us a SNR of 8.5 in the maximum of Pfluo. The peak to
peak distance of Pfluo is 259 nm and it corresponds to λ/2n, where n is the refractive index of
T50 (close to water) and λ is the emission wavelength of ATTO-647N (∼680 nm).

Although Pfluo is not a smooth curve in Fig. 2(b), it is easy to observe that the intensity
oscillates with the reflector-director substrate distance, as shown in Ref. [22], where the decay
rate of fluorescence beads changes periodically in a scanning Yagi-Uda antenna. Here, however,
the decay rate is not periodic after the first intensity peak, most likely due to scanning with larger
steps and data points fitting (see Fig. S3 in the Supplement 1).

Additionally, in Fig. 2(c)-(d) we represent the BFP image of the emitted light at different
selected distances marked by a circle and a triangle in Fig. 2(b). Figure 2(e) shows instead
the emission pattern of ATTO-647N labeled dsDNA molecules on a glass coverslip (without a
director nor reflector), which can be considered as the reference radiation pattern. Comparing
Fig. 2(c) with Fig. 2(e), we notice that the radiation pattern changes from a ring shape to a
"Gaussian-like" shape, with a full width at half maximum (FWHM) of 41◦ at the emission
maximum. This beaming effect can have advantages in biosensing, because it can improve the
collection efficiency and it allows us to reduce the numerical aperture of the optics (objective or
fiber) without losing signal.

Figure 2 shows the fluorescence signal, the beaming effect and the modification of the decay
rate for ATTO-647N dyes attached to dsDNA molecules, immobilized in the antenna at a
concentration of 10 nM in water, with the space between reflector and director substrate filled
with T50. For samples prepared starting from lower DNA concentrations in water, the number of
molecules in the focal area is small. Thus the bleaching time of ATTO 647N plays an important
role for longer measurements, and the bleaching of one ATTO-647N dye significantly changes
the signal in a step-wise manner (see Fig. S2b-d of the Supplement 1).

For this reason, we modify the setup and manage to decrease the experiment time by a factor
of 4. Moreover, to mitigate the bleaching process, our samples are excited using 2 µW laser
power. The total fluorescence power Ptot is detected with SPAD1 and the laser reflection from
the antenna Prefl, attenuated by a neutral density (ND) filter (OD=2), is recorded by SPAD2; a
95:5 beamsplitter is used to split the collected light into these two channels (Fig. 3(a)). Thus, we
are able to determine the relationship between Prefl and the Ptot in order to compare the excitation
power in different experiments.

Figure 3(b)-(c) plots Ptot and Prefl as a function of distance between reflector and director
substrate. Since Ptot consists of Pfluo and Pbg, to subtract Pbg, we measure the sample in the
scanning antenna configuration before (Fig. 3(b)) and after (Fig. 3(c)) the immobilization of
ATTO-647N labeled dsDNA from buffered solution at a concentration of 1 nM.

In Fig. 3(b)-(c) the grey area shows the region, where the reflector and director substrate are in
contact. The vertical dashed line goes through the maximum of the curve representing Ptot (blue
curve) and the corresponding point of Prefl (red curve) determining the reflection value at a given
distance.

In both Fig. 3(b) and Fig. 3(c) the oscillation amplitude of Prefl gradually decreases with
distance between the reflector and director substrate. This phenomenon can be explained by the
fact that, while the laser light remains focused on the director, the reflector is not able to refocus
the incident laser light. Prefl exhibits the resonance of a cavity mode and the distance between
two consecutive dips is λ/2n. Based on this relation and the fact that we can precisely control this
distance using a piezo stage, it is possible to determine the refractive index n of the embedding
medium. Here, n is 1.31, which is close to the refractive index of water (nwater = 1.33), as
expected.

Moreover, since the antenna has a higher impact at sub-wavelength distances (λ/6n to λ/4n),
the first maximum of Ptot is 2.1 times higher than the second one (see Fig. 3(c)). On the other
hand, the first reflection minimum is 1.5 times deeper than the second one.

https://doi.org/10.6084/m9.figshare.17161109
https://doi.org/10.6084/m9.figshare.17161109
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Fig. 3. Fluorescence intensity of ATTO-647N labeled dsDNA molecules immobi-
lized in the planar antenna. (a) Scheme of the experiment. SPAD1 (SPAD2) detects
%tot (%refl). (b,c) %tot (blue curve) and %refl (red curve) as a function of distance
between reflector and director substrate (b) without ATTO-647N labeled dsDNA
molecules and (c) with ATTO-647N labeled dsDNA molecules at a concentration of
1 nM. The maximum of %tot in (b) is assumed as our background (BG). The grey
region is the estimated area, in which the reflector and director substrate are in contact.
This experiment takes around 55 s, (d) Average value of the maximum of %tot and the
corresponding %refl for samples with different DNA concentrations. Each sample is
measured with 2 `W excitation power.

We repeat this experiment for different spots of each sample prepared with buffers of various
ATTO-647N labeled dsDNA concentrations (1 nM, 100 pM, 10 pM) and for the sample without
such labeled dsDNA molecules. Figure 3d represents the averaged maximum of %tot (blue bins)
for samples with different molecule concentrations and the corresponding average of %refl (red
bins) at the position, where %tot is maximal (see the cross section of the black dashed line and
red curve in Fig. 3b,c).
In the samples, where the initial concentration of ATTO-647N labeled dsDNA molecules is

very low (100 pM and 10 pM), the molecules attached to the surface are spatially well separated
and the distance between them can be several micrometers in some cases. Therefore, if we
choose measurement points randomly, most of the time we would collect only a background
signal. To avoid this, at low concentrations we first try to find bright spots (fluorescent emitters)
using wide-field imaging and only then we position the bright spots onto the focal point of the
excitation beam. The downside of this approach is that most likely we select points with several
emitters in the diffraction-limited spots, since they are more visible in wide-field imaging.
Therefore, we can associate the detected signal to a concentration with certainty, by our

apparatus and sensing approach (i.e., by randomly choosing spots), only for samples prepared
from solutions with a concentration of at least 1 nM, which corresponds to few (< 10) molecules
in the detection spot. To better quantify the florescence signal, we would need to measure the
mean concentration of molecules, for example, by knowing the illuminated area and the photon
counts of a single molecule.
Figure 4a shows the same quantities of Fig. 3d for samples prepared with the coverslip flow

Fig. 3. Fluorescence intensity of ATTO-647N labeled dsDNA molecules immobilized
in the planar antenna. (a) Scheme of the experiment. SPAD1 (SPAD2) detects Ptot (Prefl).
(b,c) Ptot (blue curve) and Prefl (red curve) as a function of distance between reflector
and director substrate (b) without ATTO-647N labeled dsDNA molecules and (c) with
ATTO-647N labeled dsDNA molecules at a concentration of 1 nM. The maximum of Ptot
in (b) is assumed as our background (BG). The grey region is the estimated area, in which
the reflector and director substrate are in contact. This experiment takes around 55 s, (d)
Average value of the maximum of Ptot and the corresponding Prefl for samples with different
DNA concentrations. Each sample is measured with 2 µW excitation power.

We repeat this experiment for different spots of each sample prepared with buffers of various
ATTO-647N labeled dsDNA concentrations (1 nM, 100 pM, 10 pM) and for the sample without
such labeled dsDNA molecules. Figure 3(d) represents the averaged maximum of Ptot (blue bins)
for samples with different molecule concentrations and the corresponding average of Prefl (red
bins) at the position, where Ptot is maximal (see the cross section of the black dashed line and red
curve in Fig. 3(b)-(c)).

In the samples, where the initial concentration of ATTO-647N labeled dsDNA molecules is
very low (100 pM and 10 pM), the molecules attached to the surface are spatially well separated
and the distance between them can be several micrometers in some cases. Therefore, if we
choose measurement points randomly, most of the time we would collect only a background
signal. To avoid this, at low concentrations we first try to find bright spots (fluorescent emitters)
using wide-field imaging and only then we position the bright spots onto the focal point of the
excitation beam. The downside of this approach is that most likely we select points with several
emitters in the diffraction-limited spots, since they are more visible in wide-field imaging.

Therefore, we can associate the detected signal to a concentration with certainty, by our
apparatus and sensing approach (i.e., by randomly choosing spots), only for samples prepared
from solutions with a concentration of at least 1 nM, which corresponds to few (< 10) molecules
in the detection spot. To better quantify the florescence signal, we would need to measure the
mean concentration of molecules, for example, by knowing the illuminated area and the photon
counts of a single molecule.

Figure 4(a) shows the same quantities of Fig. 3(d) for samples prepared with the coverslip flow
channel. The significantly higher reflection signal in the antenna (Fig. 3(d)) compared to the
coverslip is due to the high reflectivity (≈ 70%) of the director. By subtracting the background
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from the fluorescence signal for each concentration in Fig. 3(d) and Fig. 4(a), one can calculate
the fluorescence signal of the ATTO-647N dyes (Pfluo). In Fig. 4(b), Pfluo in the coverslip flow
channel is compared with Pfluo in the antenna configuration for different ATTO-647N labeled
dsDNA concentrations excited at 2 µW. We repeat the same experiment for the laser excitation
power of 6.6 µW and the results are similar as in the case of 2 µW (not shown).

Fig. 4. Fluorescence of ATTO-647N labeled dsDNA molecules in the antenna and on
the coverslip. (a) Average value of the maximum of Ptot and the corresponding Prefl for
samples with different DNA concentrations on a glass coverslip. Each sample is measured
with 2 µW excitation power. (b) Average background-corrected fluorescence signal of
samples with different DNA concentrations on coverslip and in the antenna. The numbers
above each bin represent the signal enhancement ratio.

Figure 4(b) determines that for samples prepared with higher DNA concentrations (10 nM and
1 nM) in antenna, the signal improves by a factor of 2, which is consistent with our previous work
[22]. Here, such signal enhancement is caused mainly due to the modulation of the excitation
rate. The beaming effect provides a minor change in the signal due collection with a high NA
objective. If the NA becomes smaller, the beaming effect plays a significant role as the collection
efficiency remains nearly the same for molecules in the planar antenna, whereas it drastically
reduces for molecules on the coverslip. This increases further the antenna signal enhancement.
On the other hand, since the results for samples prepared with DNA concentrations below 1 nM
are obtained by pre-selection of the measurement points, it is difficult to compare them with
the corresponding reference samples. To overcome this issue, a solution would be to perform a
raster scan on the surface to increase the probability of excitation/detection of the fluorescent
molecules.

4. Conclusion

In this work, we show that the fluorescence signal, the radiation pattern, and the decay rate of
ATTO-647N dyes labeling dsDNA molecules immobilized in the antenna can be controlled
by changing the distance between the reflector and director. Specifically, the radiation pattern
changes from a doughnut-shape to a Gaussian-like profile (FWHM of 41◦) and the fluorescence
signal can be enhanced. This demonstrates the possibility of using low-NA optics, since by
reducing the numerical aperture the collected fluorescence is not decreased. Therefore, this
approach does not demand the use of microscopes [27] and it is also suitable for fiber-based
detection [28,29].
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These findings motivate us to use this approach for biosensing in, e.g., in-vitro diagnostics. We
show that ATTO-647N labeled dsDNA molecules in the antenna have at least a two-fold signal
enhancement as compared to on a glass coverslip for the same analyte concentration in the buffer.
Although one can detect single molecules with a planar antenna [21], our biosensor configuration
is suitable for samples prepared from solutions with analyte concentrations down to 1 nM,
which corresponds to few (below 10) molecules in the focal spot. For samples obtained from
lower concentrations, one should use for instance raster scanning techniques in a small region
(roughly 10 µm × 10 µm) of the sample, in order to obtain a signal proportional to the target
molecule concentration. Finally, we argue that this technique can work for any fluorescence-based
immobilized bioassay that fits in the space between reflector and director, while keeping the
distance constraints.
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