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Combining fluorescence imaging, single-photon detection, and FCS enables characterization
of molecular diffusion and brightness in individual zero-mode waveguides at micromolar

fluorophore concentrations.

Introduction

Fluorescence correlation spectroscopy (FCS) analyzes temporal fluctuations in fluorescence
intensity as molecules diffuse through a small observation volume. From the resulting correlation
curves, parameters such as molecular brightness, the average number of fluorescent molecules in
the observation volume, and characteristic diffusion times can be obtained. However, conventional
confocal FCS is typically performed at nanomolar fluorophore concentrations because increasing
the concentration rapidly increases the number of molecules simultaneously contributing to the
fluorescence signal.

Zero-mode waveguides (ZMWSs) provide a means of reducing the effective fluorescence observation
volume and thereby enable fluorescence measurements at substantially higher concentrations.
Here, we demonstrate FCS measurements of Alexa Fluor 647 in individual ZMW apertures using the
Luminosa single photon counting confocal microscope. The workflow combines rapid localization and
fluorescence imaging of ZMW arrays with FCS measurements, comparison of molecular brightness
with bulk solution measurements, determination of molecular occupancy, and automated acquisition
across multiple ZMWs.



Zero-Mode Waveguides for FCS at Micromolar Concentrations

The ZMW samples used in this study consisted of arrays of nanometer-sized apertures fabricated in
an aluminum film on a glass coverslip. The investigated samples had a nominal aperture diameter of
approximately 230 nm and a pitch of 3 um between neighboring apertures.
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Figure 1: Comparison of fluorescence detection in a diffraction-limited confocal volume and a zero-mode waveguide
(ZMW) nanoaperture. At elevated fluorophore concentrations, the conventional confocal observation volume
contains a large number of molecules (N > 1000), whereas confinement of the excitation field within the ZMW
reduces the effective observation volume and consequently the molecular occupancy (N < 10), enabling FCS
measurements at higher concentrations.

The subwavelength dimensions of the ZMW place it below the cutoff for propagating optical modes at
the excitation wavelength. As a result, the optical field decays rapidly inside the aperture. Fluorescence
excitation is therefore restricted to a small region near the bottom of the ZMW, reducing the effective

observation volume compared with conventional diffraction-limited confocal excitation.

This reduced observation volume is particularly relevant for FCS. The amplitude of an FCS correlation
curve is related to the average number of fluorescent molecules contributing to the detected signal.
At micromolar concentrations, the average number of molecules within a conventional confocal
observation volume becomes large, reducing the relative amplitude of fluorescence fluctuations and
thereby limiting FCS measurements. Reducing the observation volume with ZMWs makes it possible
to retain a small molecular occupancy despite the higher bulk concentration.

In addition to reducing the effective observation volume, the nanophotonic environment of a ZMW
can modify both excitation and emission properties, resulting in enhanced molecular brightness and
altered saturation behavior. The excitation-power dependence should therefore be characterized

experimentally before quantitative comparison with confocal measurements.



Experimental Setup and FCS Measurements with Luminosa

Measurements were performed using a Luminosa single photon counting confocal microscope
equipped with both FLIMbee galvo scanning and piezo objective scanning. With FLIMbee, the
excitation beam is scanned across the sample using galvo mirrors, allowing rapid fluorescence
imaging. Piezo objective scanning mechanically changes the position of the focal spot relative to the
sample without beam scanning and provides an alternative optical configuration for photon-efficient

point measurements.

Alexa Fluor 647 was excited at 640 nm with a laser repetition rate of 40 MHz. A DB485/640 dichroic
mirror and a 51 um pinhole were used in the optical path. Fluorescence was spectrally selected using
a BP690/70 bandpass filter and divided by a 50/50 beam splitter onto two SPAD detectors. FCS
curves were obtained by cross-correlating the signals recorded by the two detectors. A UPlanSApo
60x%/1.20 water-immersion objective was used for excitation and fluorescence collection.
Both FLIMbee and piezo objective scanning were evaluated for the FCS measurements.
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Figure 2: Luminosa configuration for FCS measurements in zero-mode waveguides (ZMWs). The ZMW sample consists
of an aluminum film with nanometer-sized apertures on a glass coverslip and is measured from below using
a water-immersion objective. The enlarged cross-section illustrates the confinement of the excitation field within
an individual ZMW and fluorescence collection through the objective.

Zero-Mode Waveguide Samples

The production of the ZMW array follows the protocol published in Khelidj et al. Small, 22 (2026)
combining nano-imprint lithography and hydrofluoric acid etching to achieve high-throughput
nanofabrication at low operating costs. A 300 x 300 array of ZMW apertures with approximately 230
nm diameter is prepared in a massively parallel fashion without requiring advanced nanofabrication
equipment (such as electron-beam lithography or focused ion beam milling). As a result of the
nanoimprint stamping and replication process, fabrication defects (missing ZMWs) occur on the
sample, which can be used as fiducial markers for successive experiments on the same ZMW
apertures.



Results

Locating and Imaging Individual Zero-Mode Waveguides

Before FCS measurements, the ZMW array was localized and suitable measurement regions
were identified. A spiral scan provided an overview of the sample and enabled localization of the
approximately square ZMW array (Figure 3A).

Subsequent confocal fluorescence imaging of a selected region revealed the regular periodic
arrangement of spatially separated ZMW fluorescence signals (Figure 3B). The image also revealed
local regions with missing or irregular fluorescence signals, allowing homogeneous areas of the
array to be identified for subsequent FCS measurements.

The combination of overview imaging and subsequent confocal fluorescence imaging therefore
provides a practical workflow for navigating the sample and selecting individual ZMWs for FCS
measurements. The images also provide a rapid initial assessment of the spatial homogeneity of the
ZMW array.

Figure 3: Localization and fluorescence imaging of the ZMW array. Left: Spiral-scan overview of sample 2, showing
the approximately square ZMW array. Right: Confocal fluorescence image of a selected region, revealing
the periodic arrangement of spatially separated ZMW fluorescence signals and local regions with missing or
irregular fluorescence signals.

FCS Measurements in Individual ZMWs

FCS measurements in ZMWs require accurate positioning of the observation point within an individual
aperture. During the measurements, the fitted FCS shape parameter k showed a pronounced
dependence on the lateral XY position. Values close to kK = 1 were typically obtained near the center
of a ZMW, whereas measurements displaced from the center resulted in different values.

The fitted k value was therefore used as an additional indicator for lateral positioning of the FCS
measurement. A similarly strong relationship between k and axial position was not observed. The
axial position was consequently selected based on the position providing the highest photon count
rate.

FCS curves were fitted using a 3D diffusion model with a triplet component. For consistent analysis,
the long-lag-time part of the correlation curve was excluded once the correlation amplitude had
decreased to approximately 20% of its initial amplitude.
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Figure 4: Representative FCS measurement in an individual ZMW. Cross-correlation FCS curve and corresponding fit
obtained for Alexa Fluor 647 in a ZMW (sample 2) at approximately 1 uM bulk concentration and 5 uW
excitation power. The correlation curve was fitted using a 3D diffusion model including a triplet component.
For this measurement, the fit yielded a shape parameter of k = 0.9999 and a diffusion time of 1, = 51.5 ys.

Fluorescence Brightness Enhancement in Zero-Mode Waveguides

To quantify the fluorescence signal obtained from molecules inside the ZMWSs, molecular brightness
was compared with measurements of freely diffusing Alexa Fluor 647 in bulk solution.

A power-dependent measurement in bulk solution was first performed to establish a suitable
excitation range for the comparison. At approximately 5 yW, molecular brightness approached the
end of its linear dependence on excitation power, whereas measurements at 10 pW indicated the
onset of saturation. ZMW measurements were therefore primarily compared at approximately 5
MW. Molecular brightness was normalized by the excitation power, allowing comparison between
measurements acquired at different excitation powers.

For each condition at 5 pW, at least three measurements of 30 s were acquired and averaged.
Measurements showing apparent outliers attributed to XYZ drift were excluded from the average.
Enhanced molecular brightness relative to the bulk reference was observed for all three investigated
ZMW samples (Table 1). With FLIMbee, the power-normalized molecular brightness increased from
2.66 kcounts/s/uyW per molecule in bulk solution to 15.7-22.4 kcounts/s/uW per molecule in the
ZMW samples, corresponding to enhancement factors between 5.9- and 8.4-fold.

The largest enhancement was observed for sample 2. At 5 yW, molecular brightness reached 112
kcounts/s per molecule with FLIMbee and 121 kcounts/s per molecule with piezo objective scanning,
compared with 13.3 and 14.5 kcounts/s per molecule in the corresponding bulk measurements.
This corresponds to enhancement factors of approximately 8.4 and 8.3, respectively. Sample 3
also showed enhanced molecular brightness with both scanning configurations, although with lower
enhancement factors than sample 2.



Overall, the measurements demonstrate a pronounced increase in detected molecular brightness
in the ZMWs compared with bulk solution. The magnitude of the enhancement varied between the
investigated samples, while enhanced brightness was consistently observed across all three ZMW
samples.

Table 1: Molecular Brightness in ZMWs. Molecular brightness and enhancement in the investigated
ZMW samples compared with bulk solution.

Bulk ~10 nM 5.0 13.3 2.66 Reference 5.0 14.5 2.90 1.0x
reference

Sample 1 4 uM 4.1 64 15.7 5.9x - n.m. -

Sample 2 ~1 uM 5.0 112 22.4 8.4x 5.0 121 24.2 8.3x
Sample 3 ~1 uM 5.0 80 15.9 6.0x 5.0 67 135 4.7x

Note. €: molecular brightness (kcounts s™* molecule™); Normalized €: molecular brightness normalized to excitation
power (kcounts s pyW-' molecule™); n.m.: not measured. Brightness enhancement is relative to the corresponding
bulk reference measured with the same scanning configuration.

Molecular Occupancy of Individual ZMWs

In addition to molecular brightness, FCS provides the average number of fluorescent molecules
contributing to the detected signal within the observation region. Molecular occupancy was determined
for the investigated ZMW samples and compared with independently obtained reference values.

At approximately 1 uM Alexa Fluor 647, sample 2 yielded average molecular occupancies of 2.7
molecules with FLIMbee and 3.6 molecules with piezo objective scanning, compared with a reference
value of approximately 5 molecules. For sample 3, occupancies of 4.6 and 6.7 molecules were
obtained with FLIMbee and piezo objective scanning, respectively, again close to the reference value
of approximately 5 molecules. For sample 1, an average occupancy of approximately 40 molecules
was obtained with FLIMbee at the higher concentration of 4 uM. Because the corresponding reference
value of 9 molecules was obtained at 1 uM, these values are not directly comparable.

Overall, the molecular occupancies determined with Luminosa for sample 2 and sample 3 were in
reasonable agreement with the independent reference measurements, demonstrating that Luminosa
can resolve molecular occupancies of only a few molecules in individual ZMWs at micromolar
fluorophore concentrations.

Table 2: Molecular Occupancy in ZMWs. Molecular occupancy in the investigated ZMW samples compared with
independent reference values.

Sample 1 4 uM 40 n.m. 9
Sample 2 ~1 uM 2.7 3.6 5
Sample 3 ~1 uM 4.6 6.7

Note. N_ : fitted average molecular occupancy. n.m.: not measured. The independent reference values were provided
for comparison at 1 yM. The Luminosa measurement of sample 1 was acquired at 4 yM and is therefore not
directly comparable with its 1 uM reference value.W



Automated FCS Measurements across Multiple ZMWs with LumiPy

Arrays containing many ZMWs provide an opportunity to extend individual FCS measurements
toward automated acquisition across multiple apertures. To explore this approach, a Python-based

workflow was implemented using the LumiPy interface.

After the ZMW positions had been identified, the workflow performed local optimization of the
measurement position in X, Y, and Z before recording the FCS signal. This optimization was
important because the initially identified ZMW centers did not always correspond exactly to the

positions ultimately selected for FCS acquisition (Figure 7).

In this proof-of-concept experiment, 30 s FCS measurements were recorded from 88 ZMWs within
approximately 85 min. Including positioning and local optimization, this corresponds to an average
measurement time of approximately 58 s per ZMW. The script used for this experiment had not
yet been optimized for acquisition speed. The automated workflow demonstrates the feasibility of
extending FCS measurements from individual ZMWs to larger numbers of apertures while retaining
local XYZ optimization. The LumiPy-based approach could also be extended to incorporate additional
acquisition and analysis steps, such as FLIM, single-molecule FRET, or automated reporting.
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Figure 5: Automated FCS measurements across multiple ZMWs using LumiPy. Left: Automated workflow for ZMW
identification, local Z and XY position optimization, and subsequent 30 s FCS acquisition at each aperture.
Right: Luminosa measurement view showing multiple identified ZMW positions during automated acquisition.
In this proof-of-concept experiment, FCS measurements were acquired from 88 ZMWs within approximately
85 minutes.
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Conclusion

Zero-mode waveguides extend fluorescence correlation spectroscopy to concentration regimes
that are difficult to access with conventional diffraction-limited confocal FCS. By confining the
effective observation volume, ZMWs enable fluorescence fluctuation measurements at micromolar
concentrations while maintaining molecular occupancies suitable for FCS analysis.



In this application, Luminosa provided an integrated platform for navigating ZMW arrays, imaging
individual apertures, and performing quantitative FCS measurements with sensitive single-photon
detection. Measurements with Alexa Fluor 647 showed consistently enhanced molecular brightness
across all three investigated ZMW samples, with an approximately eightfold enhancement observed
for sample 2 compared with the corresponding bulk reference. At the same time, the dependence
of FCS parameters on lateral position highlighted the importance of accurate positioning within
individual ZMWs.

Beyond measurements at individual apertures, Luminosa combines the imaging, positioning, photon
detection, and FCS capabilities required for the complete experimental workflow within a single
system. The availability of different scanning approaches provides additional flexibility for adapting
measurements to the sample and experimental requirements.

Figure 6: Luminosa single photon counting confocal microscope used for the FCS measurements.

Finally, the openly available LumiPy Python interface extends this workflow toward automated

measurements across larger ZMW arrays. In the proof-of-concept experiment presented here,
automated localization, local XYZ optimization, and subsequent FCS acquisition enabled sequential
measurements across 88 individual ZMWs. These results demonstrate how Luminosa combines
quantitative FCS with flexible imaging and programmable automation, providing a versatile platform
for fluorescence fluctuation measurements in nanostructured samples and at elevated fluorophore
concentrations. Further information on LumiPy and its use for Python-based workflow automation
and feedback-adaptive microscopy with Luminosa is available in a dedicated PicoQuant blog article
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Learn more about Luminosa

For further information about Luminosa and its capabilities for fluorescence imaging, time-resolved
measurements, FCS, and programmable microscopy workflows, visit the Luminosa product page, or

contact us to discuss your application.
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