
Zero-mode waveguide nanowells for1

single-molecule detection in living2

cells3

Sora Yang1† , Nils Klughammer2† , Anders Barth2† , Marvin E. Tanenbaum1,2* ,4

Cees Dekker2*5

*For correspondence:
m.tanenbaum@hubrecht.eu (MET);
c.dekker@tudelft.nl (CD)
*These senior authors contributed
equally to this work.
†These authors contributed
equally to this work.

1Oncode Institute, Hubrecht Institute–KNAW and University Medical Center Utrecht,6

Utrecht, the Netherlands; 2Department of Bionanoscience, Kavli Institute of7

Nanoscience, Delft University of Technology, Van der Maasweg 9, 2629 HZ, Delft, The8

Netherlands9

10

Abstract Single-molecule fluorescence imaging experiments generally require sub-nanomolar11

protein concentrations to isolate single protein molecules, which makes such experiments12

challenging in live cells due to high intracellular protein concentrations. Here, we show that13

single-molecule observations can be achieved in live cells through a drastic reduction in the14

observation volume using overmilled zero-mode waveguides (ZMWs - subwavelength-size holes15

in a metal film). Overmilling of the ZMW in a palladium film creates a nanowell of tunable size in16

the glass layer below the aperture, which cells can penetrate. We present a thorough theoretical17

and experimental characterization of the optical properties of these nanowells over a wide range18

of ZMW diameters and overmilling depths, showing an excellent signal confinement and a19

five-fold fluorescence enhancement of fluorescent molecules inside nanowells. ZMW nanowells20

facilitate live-cell imaging, as cells form stable protrusions into the nanowells. Importantly, the21

nanowells greatly reduce cytoplasmic background fluorescence, enabling detection of individual22

membrane-bound fluorophores in the presence of high cytoplasmic expression levels, which23

could not be achieved with TIRF microscopy. Zero-mode waveguide nanowells thus provide great24

potential to study individual proteins in living cells.25

26
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Introduction33

Single-molecule techniques are widely applied to study the behavior of biomolecules or biomolec-34

ular complexes, providing mechanistic insights into individual steps of biological processes that35

would otherwise be averaged out in bulk experiments (Hinterdorfer and Oijen, 2009). Imaging-36

based approaches have been especially powerful in studying single nucleic acid andproteinmolecules,37

as they allow tracking of individual biomolecules in space and time. Central to all single-molecule38

fluorescence imaging techniques is the ability to detect and distinguish a single molecule of inter-39

est over the background of fluorescent molecules that are freely diffusing through the solution.40

The ability to isolate a single molecule by imaging therefore depends on the concentrations of flu-41

orescent molecules and the observation volume; if multiple freely diffusing molecules are present42

within the observation volume, the isolation of one specific molecule of interest becomes very43

challenging.44

In in vitro experiments, single-molecule observation can easily be achieved by using low concen-45

trations of fluorescentmolecules, which limits the number of molecules in the observation volume.46

However, weak biomolecular interactions (𝐾𝑑 > 1µM) that require high concentrations cannot be47

studied at the nano- to picomolar concentrations that are typically employed in in vitro single-48

molecule experiments. Moreover, studying biomolecules in their natural habitat, the crowded en-49

vironment of live cells, is also very challenging, as protein concentrations in cells are often in the50

high nanomolar to micromolar range (Milo and Phillips, 2015), which is incompatible with single-51

molecule observations. Fundamentally, the concentration limit for single-molecule observation is52

bounded by the size of the observation volume, which can be minimized using used common op-53

tical sectioning methods such as confocal microscopy, total internal reflection microscopy (TIRF),54

or light-sheet microscopy (Liu et al., 2015b). Despite such improvements, the volumes remain on55

the order of femtoliters, which puts the concentration limit for isolating single molecules at ≈ 1nM56

(Kubitscheck, 2017).57

Amuchmore drastic confinement of the observation volume can be achieved using zero-mode58
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waveguides (ZMW), which are subwavelength apertures in a metal film. Owing to their small size59

(∼100nm), ZMWs effectively block the propagation of incident light of wavelengths above a char-60

acteristic cutoff wavelength 𝜆𝑐 , 𝜆 > 𝜆𝑐 = 1.7𝑑, where 𝑑 is the diameter of the aperture. Within61

the ZMW, an evanescent field forms which to first order follows an exponential decay as 𝐼(𝑧) =62

𝐼0 exp
(

−2𝑧
√

1
𝜆2𝑐

− 1
𝜆2

) (Jackson, 1962). Typical decay lengths are on the scale of several tens to hun-63

dred of nanometers, depending on the ZMW diameter, the wavelength of incident light in the sur-64

rounding medium, and the ZMW material. Thus, by providing observation volumes in the zepto-65

liter range, ZMWs enable single-molecule studies at evenmicromolar concentrations (Levene et al.,66

2003). ZMWs made from gold or aluminum have been extensively studied (Rigneault et al., 2005;67

Levene et al., 2003; Gérard et al., 2008; Aouani et al., 2009; Martin et al., 2016; Wu et al., 2019;68

Al Masud et al., 2020; Patra et al., 2022) and used for a variety of in vitro single-molecule applica-69

tions (Samiee et al., 2005, 2006; Auger et al., 2014; Assad et al., 2016; Larkin et al., 2017; Baibakov70

et al., 2019; Hoyer et al., 2022), and notably for DNA sequencing (Rhoads and Au, 2015). Recently,71

we have introduced the use of palladium for free-standing ZMWs (Klughammer and Dekker, 2021),72

which were applied to the in vitro study of nuclear transport (Klughammer et al., 2023). Palladium73

offers excellent mechanical and chemical stability, can easily be modified via thiol chemistry (Love74

et al., 2003, 2005; Klughammer et al., 2023), and provides reduced photoluminescence in the blue75

spectral region compared to gold (Mooradian, 1969; Boyd et al., 1986; Klughammer and Dekker,76

2021). Importantly, Pd is compatible with live cell experiments due to its low cytotoxicity (Jiang77

et al., 2004).78

While the vast majority of studies applying ZMWs to single-molecule measurements have been79

performed in vitro, a few studies have shown that ZMWs made of aluminum can be applied to80

single-molecule imaging of cellular (membrane) proteins as well, as cells can form protrusions that81

penetrate into ZMWs (Wenger et al., 2007-02; Moran-Mirabal et al., 2007; Richards et al., 2012),82

which has enabled single-molecule observation ofmembrane composition (Wenger et al., 2007-02)83

and membrane channels (Richards et al., 2012). Inspired by this work, we hypothesized that the84

creation of nanowells in the glass coverslip below the ZMWs (see Figure 1A) provide ameans of fine-85

tuning the size of the observation volume and result in excellent optical properties, while allowing86

cellular protrusions to enter the nanowells. (Holzmeister et al., 2014; Gregor et al., 2019). Moving87

the observation volume slightly away from the ZMW cavity can potentially lead to an increase of88

the single-molecule fluorescence signal due to enhancement of the excitation field or modulation89

of the radiative and non-radiative rates by the metal, as has previously been shown for aluminum90

(Miyake et al., 2008; Tanii et al., 2013; Jiao et al., 2014) and gold (Wu et al., 2019). Overmilling could91

also allow cells to penetrate more deeply through the ZMWs and allow facile imaging not only of92

membrane bound proteins, but of proteins in the cytoplasm too, greatly expanding the potential93

applications of ZMW imaging of living cells.94

Here, we establish palladium ZMWs nanowells as a tool for single-molecule studies in live cells95

(Figure 1 A). We fabricated ZMW arrays using focused ion beam (FIB) milling, which allowed us96

to survey a wide range of diameters and overmilling depths to optimize the design for both op-97

tical performance and cell compatibility. Finite-difference time-domain (FDTD) simulations of the98

excitation intensity and fluorescence emission showed an effective reduction of the observation99
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volume to the nanowell below the ZMW and suggested a potential fluorescence enhancement due100

to the focusing of the excitation intensity within the well, facilitated by the formation of a standing101

wave below the metal layer. The theoretical results are corroborated by single-molecule experi-102

ments on freely diffusing fluorophores which confirmed the signal confinement and showed an103

up to five fold fluorescence enhancement. Using live-cell imaging, we show that human osteosar-104

coma U2OS cells readily protruded into the nanowells, protruding more efficiently when ZMWs105

were overmilled. Cell protrusions remained stable over the timescale of minutes, enabling single-106

molecule observation of individual membrane-bound fluorophores even in the presence of high107

cytoplasmic concentrations of the same fluorophores. This was only possible due to the efficient108

suppression of cytoplasmic background signal by the ZMW, whereas conventional TIRFmicroscopy109

did not allow single molecules to be followed in this setting. Oblique illumination of the nanowells110

lead to a further reduction of the background levels. Due to their excellent cell compatibility, over-111

milled Pd ZMWs can be readily applied for single-molecule studies of biological processes in living112

cells at physiological concentrations.113
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Results114

Fabrication of Pd ZMWs on glass115

To fabricate nanowells, we first applied a thin (100nm or 150nm) palladium layer to standard glass116

coverslips covered with a 5nm Ti adhesion layer by physical vapor deposition (Figure 1 B). In con-117

trast to previous studies that used aluminum (Wenger et al., 2007-02; Moran-Mirabal et al., 2007;118

Richards et al., 2012), we chose palladium due to its suitability for nanostructuring, good chemical119

stability, low photoluminescence in the visible spectrum, and low cytotoxicity (Jiang et al., 2004;120

Love et al., 2005; Klughammer and Dekker, 2021). Palladium surfaces can also easily be function-121

alized using thiols, which provides a strategy for the specific immobilization of molecules and thus122

can be used for surface passivation via self-assembledmonolayers ormay be useful for promoting123

cell adhesion for certain cell types (Love et al., 2003). As in our previous studies (Klughammer and124

Dekker, 2021; Klughammer et al., 2023), we used focused ion beam (FIB) milling to create pores in125

the metal layer, which allows the precise tuning of pore diameters and pore depths within a single126

array (Figure 1 B). We manufactured arrays containing pores of different sizes and depths, includ-127

ing larger marker holes for identification of the different areas within the arrays (Figure 1—Figure128

Supplement 1). Typically, 16 arrays were placed on a single glass coverslip, each containing ≈3000129

nanowells of varying diameter and depth (Figure 1 C, Figure 1—Figure Supplement 1). Pore diame-130

ters were chosen to range between 100nm to 280nm based on a previous study that showed cell131

protrusion into ZMWs (Richards et al., 2012). The depth of the nanowells was varied by overmilling132

into the glass surface below the palladium layer up to 200nm. An exemple cross-section is shown133

in Figure 1 D.134
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Figure 1. Schematic of the experiment and fabrication of overmilled ZMWs. A: Schematic of a cell on top
of an array of overmilled ZMWs. Nanowells below Pd ZMWs allow for the observation of single membrane
bound fluorophores despite a high abundance of cytoplasmic fluorophores. B: Pd is evaporated onto a glass
coverslip and ZWMs are created by local focused ion beam milling. Pore diameters used in the study ranged
between 100nm to 280nm and overmilling depths ranged between 0nm to 200nm. C: SEM image showing
ZMWs with different pore diameters. D: The depth of milling was measured by cutting through the pores with
a focused ion beam, and measuring the height when imaging under an angle of 52°.
Figure 1—Figure Supplement 1. Additional SEM images and layouts of version 1 and 2 arrays.
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Simulating the optical properties of palladium ZMW nanowells135

To guide the selection of the optimal width and depth of the well below the ZMW, we performed136

finite-difference time-domain (FDTD) simulations of the excitation electromagnetic field and dipole137

emission within overmilled ZMWs (Figure 2 A). These simulations allow us to assess the spatial138

distribution of the excitation intensity, the modulation of the fluorescence quantum yield of the139

fluorophore, and the fraction of signal directed towards the detection side, which together define140

the detectable signal from within the nanowell as the product of these quantities.141

To cover the different excitation modes applied in this study, we probed the excitation field142

distribution at wavelengths of 488nm and 640nm upon excitation by a plane wave (widefield),143

under an angled illumination as used in TIRF microscopy (Figure 2 B, C, F, H, and Figure 2—Figure144

Supplement 1–4), as well as upon excitation by a focused beam (Figure 2—Figure Supplement 5–6).145

As expected, the zero-mode waveguide effectively blocks the propagation of the excitation light146

under all conditions for small pore diameters of 100nm or below, as evident from the profiles of147

the excitation intensity along the pore axis (Figure 2 F, H). At large pore diameters of 200nm and148

above, a finite amount of excitation light propagates beyond the ZMW. Due to the reflective surface149

of the metal, a standing wave is formed on the detection side which leads to an undulation of the150

excitation field intensity within the overmilled volume (Figure 2 B) (Tanii et al., 2013; Jiao et al.,151

2014;Wu et al., 2019). Under TIRF illumination at an angle of 70°, the firstmaximumof the standing152

wave pattern is shifted to longer distances from themetal surface compared towidefield excitation153

because the magnitude of the wave vector orthogonal to the metal surface is reduced (Figure 2 C).154

This results in a reduced excitation intensity within thewell, but also provides amore even intensity155

distribution with an intensity maximum at the bottom of the well. Additionally, the propagation of156

light through the ZMW is reduced under TIRF illumination compared to widefield excitation, which157

may limit background cytoplasmic fluorescence in imaging experiments (Figure 2 H).158

In addition to modulating the excitation field, the metal nanostructure affects the quantum159

yield of the fluorophore by modulating radiative and non-radiative decay rates, which we assess160

by simulating dipole emission at varying depths along the central axis of the nanowell (Figure 2 A,D161

and Figure 2—Figure Supplement 7–8). Within the ZMW, the radiative rate is reduced while the162

non-radiative rate is strongly increased due to coupling to the metal nanostructure (grey area in163

Figure 2—Figure Supplement 9). As the distance to the metal increases, the non-radiative losses164

decrease, while the radiative rate remains relatively constant within the volume beneath the ZMW.165

Overall, within the proximity of the ZMW, these effects lead to a strong predicted reduction of the166

quantum yield (Figure 2 D) and hence the fluorescence lifetime (Figure 2—Figure Supplement 7 D,167

Figure Supplement 8 D), as will be assessed experimentally below. Within the nanowell below168

the ZMW, the modulation of the decay rates was only weakly dependent on the lateral position169

(Figure 2—Figure Supplement 10). Finally, we consider the fraction of the fluorescence emission170

that can be detected in the experiment, i.e., the signal emitted towards lower side of the ZMW171

facing the objective lens. Part of the dipole emission from within the ZMW is lost as it propagates172

towards the upper side of the ZMW that faces away from the objective lens, leading to a sharp decay173

of the detection efficiency within the ZMW (Figure 2 E). Below the ZMW, the effective detection174
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efficiency of the dipole emission is increased approximately two-fold compared to the absence of a175

metal nanostructure because themetal layer acts as amirror and propagation of radiation through176

the ZMW is blocked (Figure 2 E and Figure 2—Figure Supplement 7,8). Overall, these processes lead177

to a more effective restriction of the detected signal to the well below the ZMW compared to what178

is expected from the excitation intensity alone.179

The end result is a near-complete suppression of background signals originating from the top180

side of the ZMW. Under widefield excitation, the simulations predict a background level of 3% at181

a pore diameter of 100nm in a 100nm thin Pd film, which increases to 10% at 300nm diameter182

(numbers are given for overmilling depth of 200nm, Figure 2—Figure Supplement 11 A,D). Under183

TIRF excitation, the background level decreases further by approximately a factor of two compared184

to widefield excitation because the excitation intensity is more effectively confined to the nanowell,185

reaching an excellent signal-to-background ratio of ∼25 even for a large pore diameter of 300nm186

at an overmilling depth of 200nm (Figure Supplement 11 E).187

In summary, the FDTD simulations show that the observed signal remains effectively confined188

to the overmilled volume and the ZMW even for pore diameters of up to 300nm (Figure 2 G,I and189

Figure 2—Figure Supplement 7–11). Notably, no enhancement of the fluorescence emission is190

expected as the presence of the metal waveguide is found to significantly reduce the fluorescence191

quantum yield (Figure 2 D). On the other hand, the excitation field is enhanced in the proximity of192

the metal surface due to the formation of the standing wave, reaching peak intensities that are up193

to three-times higher compared to the absence of waveguide (Figure 2 B,C,F,H), and the detection194

efficiency is increased two-fold because the dipole emission is directed towards the detection side195

(Figure 2 E). Together, these effects lead to a significant enhancement of the detected signal from196

the nanowells.197
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Figure 2. FDTD simulations of the excitation field and fluorescence emission within a nanowell underneath a ZMW. A: Schematic of the
simulation setup. A dipole was placed at varying depths within the aperture and excited by a plane wave incident from the bottom (widefield,
WF) or under an angle of 70° resembling conditions used in TIRF microscopy. B,C: Resulting distributions of the excitation field intensity for
widefield (B) or TIRF (C) excitation for a ZMW diameter of 200nm and an overmilling depth of 200nm. The electric field is polarized along the
x-axis. D,E: Computed quantum yield and detection efficiency of the dye Alexa488 as a function of the z-position along the central pore axis
(dashed line in B,C). F-I: Z-profiles of the excitation intensity along the central pore axis (F,H) and the detected signal 𝑆(𝑧) (G,I) under widefield
(F,G) and TIRF (H,I) excitation. The position of the metal membrane is indicated as a gray shaded area.
Figure 2—Figure Supplement 1. FDTD simulations of excitation field intensity distributions under widefield excitation at 𝜆ex =488nm.
Figure 2—Figure Supplement 2. FDTD simulations of excitation field intensity distributions under widefield excitation at 𝜆ex =640nm.
Figure 2—Figure Supplement 3. FDTD simulations of excitation field intensity distributions under TIRF illumination at 𝜆ex =488nm.
Figure 2—Figure Supplement 4. FDTD simulations of excitation field intensity distributions under TIRF illumination at 𝜆ex =640nm.
Figure 2—Figure Supplement 5. FDTD simulations of excitation field intensity distributions under confocal illumination at 𝜆ex =488nm.
Figure 2—Figure Supplement 6. FDTD simulations of excitation field intensity distributions under confocal illumination at 𝜆ex =640nm.
Figure 2—Figure Supplement 7. FDTD simulations of fluorescence emission and detected signal from overmilled ZMWs for Alexa488.
Figure 2—Figure Supplement 8. FDTD simulations of fluorescence emission and detected signal from overmilled ZMWs for JFX650.
Figure 2—Figure Supplement 9. Overview of radiative and non-radiative rates obtained from FDTD simulations of fluorescence emission
within overmilled ZMWs.
Figure 2—Figure Supplement 10. FDTD simulations of dipole emission as a function of the distance to the pore walls.
Figure 2—Figure Supplement 11. Estimation of background signal using FDTD simulations.
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Nanowells provide signal confinement and enhancement198

To corroborate the theoretical results, we performed measurements on freely diffusing dyes in199

water in the nanowells using confocal excitation, see Figure 3 A. As expected, the detected fluo-200

rescence signal of the dyes Alexa488 and JFX650 in the nanowells increased with both the pore201

diameter andmilling depth (Figure 3 B and Figure 3—Figure Supplement 1 and C,H,M of Figure 3—202

Figure Supplement 2 and 3). Time traces of the signal within the wells showed fluctuations origi-203

nating from the diffusion of fluorophores (Figure 3 C). Using fluorescence correlation spectroscopy204

(FCS), we estimated the number of particles within the nanowells which ranged between 0 and 20205

(Figure 3 D and Figure 3—Figure Supplement 2–3). We observed a linear scaling of the particle206

number with the milling depth and quadratic scaling with the pore diameter as expected for the207

cylindrical wells (Figure 3—Figure Supplement 4 A,B). While the corresponding volumes scaled well208

with predictions, absolute volumes estimated by FCS exceeded the volume of the nanowells includ-209

ing the ZMWvolume by a factor of 2-6 (Figure 3—Figure Supplement 4 C,D). Comparable deviations210

had also been observed in previous studies (Levene et al., 2003; Rigneault et al., 2005; Lenne et al.,211

2008; Wu et al., 2019), and were attributed to the signal contribution of many dim fluorophores212

from the highly concentrated solution that leaks through the ZMW from the other side (Levene213

et al., 2003). This explanation is further supported by the fact that the volume mismatch is largest214

at high volumes (Figure 3—Figure Supplement 4 C,D), since large ZMW diameters showed a higher215

background signal also in FDTD simulations (Figure 2 G–I, Figure 2—Figure Supplement 11). The216

residence time of the dyes within the nanowell, as seen from the decay of the FCS curves, likewise217

increased with the size of the well (Figure 3—Figure Supplement 1–2).218

To gauge the amount of radiative and non-radiative rate enhancement experienced by the dyes,219

we quantified the excited state fluorescence lifetime (Figure 3 E), where a reduced lifetime indi-220

cates a stronger enhancement of either radiative or non-radiative relaxation. Fluorescence decays221

were well described by a mono-exponential model function (Figure 3—Figure Supplement 1). We222

observed the strongest modulation of the fluorescence lifetime for small pore diameters and shal-223

low wells where the dye is restricted within the proximity of the metal aperture. The predicted224

signal-averaged fluorescence lifetimes from the FDTD simulations showed excellent quantitative225

agreement with the experimental values (Figure 3 G).226

To test for a potential enhancement of the signal emanating from the nanowells, we define227

a signal enhancement factor by comparing the molecular brightness of the fluorophore (as mea-228

sured from the FCS analysis) within the nanowell to the free-diffusion value. For both dyes, a signal229

enhancement of 2-5 was observed across the entire parameter space (Figure 3 F, Figure 3—Figure230

Supplement 5). The largest enhancement was observed at small pore diameters, reaching a maxi-231

mum value of 4-5 at a pore diameter of 100nm and amilling depth of 100nm for Alexa488. Higher232

molecular brightness correlated with a reduced fluorescence lifetime (Figure 3—Figure Supple-233

ment 6). Notably, the highest signal enhancement was not obtained at zero overmilling where the234

dyes are confined to the ZMW, but rather increased as the nanowell extended into the glass up to235

a depth of 100nm, after which the signal enhancement was reduced.236

To understand the observed enhancement, we computed the theoretical enhancement factor237
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from the FDTD simulations (Figure 3 H, Figure 3–Figure Supplement 7). This enhancement origi-238

nates predominantly from a focusing of the excitation light due to the formation of the standing239

wave, as no quantum yield enhancement was found to be present due to losses to themetal nanos-240

tructure (Figure 2–Figure Supplement 9). Accordingly, the z-profile of the enhancement factor is241

dominated by the profile of the excitation field. Experimental and predicted enhancement factors242

showed excellent correlation, although the experimental enhancement factors slightly exceeded243

the predicted values (Figure 3 I). The predicted enhancement factors reproduced well the experi-244

mental trends obtained for different pore diameters and milling depths, confirming the maximum245

of the enhancement at a depth of approximately 100nm (Figure 3 J).246

In summary, overmilled palladium ZMWs provide an excellent confinement of the detected247

signal to the volume in a nanowell below the metal aperture for pore diameters up to 300nm,248

while simultaneously offering up to a five-fold signal enhancement by focusing the excitation power249

within the nanowell.250
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Figure 3. Experimental characterization of fluorescence properties in ZMWs. A: Schematic of a ZMW with freely diffusing Alexa488 dye. B:
SEM (top) and confocal fluorescence (middle) image of a pore array with a milling depth of 150nm. The fluorescence image was acquired at
1µM concentration of Alexa488. The intensity profile of the fluorescence image is shown below. The scalebar corresponds to 1µm. C: Example
fluorescence time trace (binning: 1ms) acquired at a concentration of 500nM Alexa488 for a ZMW with a diameter of 280nm and no overmilling
(h = 0nm). D-F: Heatmaps of the average number of particles in the observation volume 𝑁FCS, fluorescence lifetime 𝜏, and signal enhancement
factor defined as the ratio of the counts per molecule in the ZMW compared to free diffusion, 𝜀ZMW∕𝜀0 acquired for 500nM of Alexa488. Data
marked as N/A could not be quantified due to insufficient signal. G: Comparison of measured and predicted fluorescence lifetimes from FDTD
simulations for an overmilling depth of 200nm. The lifetimes of the free dyes are shown as dashed lines. H: Predicted signal enhancement
compared to a free-diffusion experiment as a function of the z position obtained from FDTD simulations (see Figure Supplement 7 for details). I:
Linear regression of the measured versus the predicted signal enhancement. J: Comparison of measured and predicted enhancement factors as
a function of the overmilling depth.
Figure 3—Figure Supplement 1. Experimental characterization of photophysics and diffusion within ZMWs.
Figure 3—Figure Supplement 2. Extracted parameters for the dye Alexa488 in overmilled Pd ZMWs.
Figure 3—Figure Supplement 3. Extracted parameters for the dye JFX650 in overmilled Pd ZMWs.
Figure 3—Figure Supplement 4. Quantification of the observation volume in overmilled ZMWs.
Figure 3—Figure Supplement 5. Comparison of extracted parameters for the dyes Alexa488 and JFX650 in ZMW.
Figure 3—Figure Supplement 6. Correlation between fluorescence lifetime and molecular brightness in ZMW for Alexa488 and JFX650.
Figure 3—Figure Supplement 7. FDTD simulations of excitation field and fluorescence emission in the absence of a Pd layer.
Figure 3—Figure Supplement 8. Comparison of experimental and predicted enhancement factors in overmilled Pd ZMWs.
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Membrane protrusions of live cells can be imaged through Pd ZMWs251

To investigate the extent of cell membrane protrusion into ZMWs, cell membranes were fluores-252

cently labeled using a blue fluorescent protein (BFP) fused to the transmembrane domain of the253

transmembrane protein CD40 (CD40TM-BFP). Cells expressing CD40TM-BFP were grown on a Pd254

film containing arrays of ZMWs with different diameters and depths (Figure 1—Figure Supple-255

ment 1). Based on their morphology, cells appeared healthy on Pd surfaces for at least two days.256

When imaged through the ZMWs, we observed BFP signal in many nanowells (Figure 4 A). To verify257

the presence of cells on the ZMW arrays, coverslips were flipped upside-down to image the entire258

cells using widefield fluorescence microscopy (Figure 4—Figure Supplement 1). The location of259

BFP-positive nanopores corresponded well to the position of cells on the nanopore array, indicat-260

ing that the observed fluorescence in nanopores originated from cells that had membrane protru-261

sions in the pores. To examine the relationship between pore size and cell membrane protrusion262

into pores, the BFP fluorescence intensities inside nanowells were analyzed for different pore sizes263

( Figure 4 B and Figure 4—Figure Supplement 1 C). The amount of protrusions into nanowells, as264

assessed from the BFP signal, decreased both with the decreased pore diameter andmilling depth,265

with the smallest pore diameter (𝑑 =100nm) only showing a very small amount (few percent) of oc-266

cupied pores (Figure 4 C). Efficient cell protrusions into nanowells with an occupancy of up to 50%267

occured for pore diameter above 200nm and milling depths above 50nm. Importantly, the low268

occupancy for pores with no overmilling confirmed that the creation of nanowells with overmilling269

is key to observation of the cell protrusions. Increased area of the glass surface in overmilled270

nanowells may facilitates the cell adhesion within the nanowells, leading to improved protrusion271

in nanowells compared to ZMWs without overmilling272

Having established that cells protrude into the nanowells, we assessed the stability and dy-273

namics of the signals from the cell protrusions. For this, we generated a monoclonal cell line that274

expressed cytoplasmic BFP to assesswhether cytoplasmic proteins could be imaged on experimen-275

tally relevant timescales within the nanowells (Figure 5 A). Based on the efficiency of cell protrusion276

into nanopores of different sizes ( Figure 4 C), we narrowed the range of pore diameters down to277

a range of 170nm to 250nm (Figure 1—Figure Supplement 1). We observed BFP cytoplasmic flu-278

orescence of varying intensity in a large proportion of the pores (Figure 5 A and Figure 5—Figure279

Supplement 1). To assess the stability of the cell protrusions in nanowells, we monitored the BFP280

signal within individual pores over time (Figure 5 C,D). For approximately 50% of pores with BFP281

signal, the intensity remained largely constant over the acquisition time of 5minutes. However for282

a subset of pores, large fluctuations of the BFP intensity were observed, suggesting movement of283

cell protrusions in and out of the observation volume (Figure 5—Figure Supplement 2). Shallow284

pores (ℎ =50nm) exhibited a stable signal more frequently compared to deeper pores (Figure 5—285

Figure Supplement 2 C), suggesting that pore depth influenced the stability of cell protrusions in286

the nanowell. When analyzing BFP intensities among different pores, we found a clear bimodal287

distribution for all pore sizes, with BFP-positive pores either having a high or low BFP signal (with288

<10% of the signal obtained for pores with high intensity, Figure 5 B,E). We hypothesized that the289

high BFP intensities originated from pores containing well-defined cell protrusions, while low in-290
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Figure 4. The cell membrane protrudes into nanowells. A: U2OS cells expressing CD40TM-BFP on a ZMW
array of version 1. Bright-field (left) and BFP fluorescence (right) images are shown. White outline represents
an estimated outline of a cell on the surface. B: Intensity profiles of BFP fluorescence along different pore
diameters (100nm to 280nm) for a milling depth of 50nm (left) and 100nm (right). C: Fraction of pores with
detectable BFP signal for each pore size, as determined from 7367 pores potentially covered by cells.
Figure 4—Figure Supplement 1. Images from flipped conformation confirming cell’s presence on the ZMW
array.

tensities reflected pores that were covered by a cell, but in which cells did not insert a protrusion291

(see cartoons in Figure 5 B). The signal from pores with low BFP intensities then would reflect the292

fluorescence signal originating from above the ZMW. In our simulations, we found that oblique an-293

gle illumination (i.e., TIRF) reduced light penetration through the ZMWs and could thus, in theory,294

reduce this cytoplasmic signal leaking through the ZMWs (Figure 2 F-I and Figure 2—Figure Sup-295

plement 11).To test this, we measured BFP intensities under both widefield and TIRF illumination.296

The BFP intensity for pores with low signal was indeed markedly reduced when pores were im-297

aged under TIRF illumination compared to widefield illumination (Figure 5 H and Figure 5—Figure298

Supplement 3). The average BFP intensity of pores showing a stable high-BFP signal positively cor-299

relatedwith pore size (Figure 5 F), again indicating that the BFP intensity represents the cytoplasmic300

volume inside the pore. The results support the hypothesis that pores with low BFP signal were301

covered by cells but their membrane did not penetrate into the pores, while the nanowell was302

occupied by a cell protrusion in the case of a high BFP signal.303
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Figure 5. Imaging of single fluorophores in live cells that protrude into nanowells. A: U2OS cells
expressing cytoplasmic BFP were grown on the ZMW arrays of version 2 and imaged using transmission light
(left) or BFP fluorescence (right). Scale bar: 10µm. B: Intensity profiles of BFP and transmission light for pores
in the yellow box in (A). C: BFP fluorescence time traces of the pores indicated in B. D: Representative time
traces of BFP intensity for pores with stable high (blue line) or stable low (green line) BFP signal intensity. The
pores correspond to the pores denoted by the red box in (A). Images were acquired every 7.5 s. E: Each dot
represents the average BFP intensity of a time trace for an individual pore showing stable signal. There are
two distinct populations for each pore size. The number of measurements per pore size ranges from 113 to
413. F: Average BFP intensity (Mean ± sd from 3 independent experiments) of the high BFP signals in (E). G:
BFP intensity profiles under widefield and TIRF illumination. Under TIRF illumination, peak intensities are
increased while background levels are reduced. H: Average BFP intensities of high and low intensity pores
under TIRF or WF illumination. Error bars represent the standard deviation.
Figure 5—Figure Supplement 1. Brightfield and BFP-fluorescence images of array version 2
Figure 5—Figure Supplement 2. Representative examples of BFP fluorescence intensity time traces for
individual pores.
Figure 5—Figure Supplement 3. TIRF illumination vs. widefield illumination

Cytoplasmic background can be efficiently suppressed using Pd ZMWs304

Having confirmed that cell protrusions remained stable within nanopores over a timescale of min-305

utes, we next tested whether single protein molecules could be visualized within the ZMWs. As306

a model, we used the transferrin receptor (TfR), a transmembrane protein involved in iron deliv-307

ery into the cells. To achieve specific labeling TfR, we fused it to the HaloTag, a small protein tag308

that can be covalently labeled with fluorescent dyes (Los et al., 2008). We generated a cell line,309

stably expressing HaloTag-TfR as well as cytoplasmic BFP. BFP was used as a marker to identify310

which pores where occupied by cell protrusions (Figure 6 A). For single-molecule imaging, we chose311

the JFX650 dye as the fluorophore for labeling HaloTag-TfR (JFX650-HaloTag ligand) due to its high312

brightness and photostability (Grimm et al., 2021). Conventional TIRF microscopy on glass cover-313

slips confirmed the correct localization of the HaloTag-TfR in the plasmamembrane and identified314

the optimal dye concentration to visualize single-HaloTag-TfR molecules (Figure 6 B). Cells were315

then cultured on ZMWs and imaged using TIRF illumination. HaloTag-TfR signal was monitored316

from pores with stable cell protrusion as evidenced by constant high cytoplasmic BFP signal over317

the duration of the experiment (Figure 6 C,D). Only pores with high BFP signal intensities exhibited318

HaloTag-TfR signal (Figure 6—Figure Supplement 1), further supporting that pores with low BFP319

signal originated from cells lying on top of the pore without protruding into the pore.320

Next, we probedwhether the reduction of the observation volumeprovidedby the ZMWswould321

allow the detection of single membrane-bound molecules in the presence of a high cytoplasmic322

background in the same detection channel. To this end, we generated a cell line that expresses323

high levels of freely-diffusing cytoplasmic HaloTag in addition to membrane-localized HaloTag-TfR324

(Figure 6 E). TIRF microscopy is the gold standard for reduction of fluorescence background from325

high levels of cytoplasmic proteins. However, at high cytoplasmic Halo expression, TIRFmicroscopy326

no longer yielded sufficient background fluorescence reduction to observe single HaloTag-TfR pro-327

teins on the membrane, as can be seen in Figure 6 F. In contrast, when cells were cultured on328

June 26, 2023 16 of 31

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 28, 2023. ; https://doi.org/10.1101/2023.06.26.546504doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.26.546504
http://creativecommons.org/licenses/by/4.0/


ZMWs with a 50nm milling depth, single HaloTag-TfR molecules could readily be observed, with329

a signal-to-noise comparable to when no cytoplasmic HaloTag was present (Figure 6 C,G). This330

shows that the ZMWs effectively suppressed the background signal from the cytoplasmic HaloTag331

and allowed observation of membrane-localized HaloTag-TfR molecules. In contrast, ZMWs with a332

200nmmilling depth, which yield larger optical volumes due to increased nanowell sizes, resulted333

in significantly higher HaloTag fluorescence background, rendering it impossible to distinguish sin-334

gle HaloTag-TfR molecules from cytoplasmic background signal (Figure 3 H).335

To quantify the signal-to-noise ratio of single HaloTag-TfR proteins, we applied a hiddenMarkov336

model (HMM) analysis to detect the signal spikes representing single HaloTag-TfRmolecules diffus-337

ing in and out of nanowells (Figure 6 I). In the cell line without cytoplasmic HaloTag, no significant338

differences in the Halo peak intensity and background noise were observed across differentmilling339

depths (Figure 6 J,K). However, in the cell line expressing high cytoplasmic HaloTag, the background340

signal significantly increased for deeper pores, due to the larger cytoplasmic volume present within341

the observation volume (Figure 3 K). These results show that the milling depth plays a crucial role342

for background suppression. Taken together, this work reveals that imaging cells on overmilled343

ZMWs allows for the visualization of single fluorescent molecules even in the presence of high344

fluorescent background in the cytoplasm.345
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Figure 6. Suppression of cytoplasmic background signal using Pd ZMWs . A: Schematic of U2OS cells
expressing cytoplasmic BFP and HaloTag-TfR localized in the plasma membrane. B: Representative TIRF
image of JFX650-labeled HaloTag-TfR. Graph on the right represents an intensity profile along the yellow line.
C,D: Representative images of bright-field (BF), BFP, and JFX650-HaloTag acquired through nanopores.
Fluorescence time trace of a single pore, representing the yellow boxed area in the images. Pore diameter
𝑑 =220nm, milling depth 𝑑 =50nm (C) and 𝑑 =200nm (D). Time interval, 5 s for BFP, 500ms for JFX650-Halo.
E: Expression of cytoplasmic HaloTag in the same cell line as in (A). F: Representative TIRF image of
JFX650-labeled HaloTag-TfR. Graph on the right represents an intensity profile through the yellow line. Scale
bar 2µm. G,H: Representative images of BF, BFP, and JFX650-HaloTag acquired under the same imaging
condition as C,D, but from the cell line additionally expressing cytoplasmic HaloTag. Fluorescence time trace
of a single pore representing the yellow boxed area in the images. Pore diameter 𝑑 =220nm, milling depth
ℎ =50nm (G) and ℎ =200nm (H). Time interval, 5 s for BFP, 500ms for JFX650-Halo. I: Analysis of the Halo
intensity time trace using a hidden Markov model to determine the Halo peak intensity and background noise
of each trace. The background noise is defined as the standard deviation (𝜎) of the background intensity. J:
Distribution of Halo peak intensities for pores with different milling depths and a constant pore diameter of
220nm, obtained from the cell line without cytoplasmic HaloTag described in (A). K: Background noise 𝜎 in
the red HaloTag channel from individual pores. Each dot represents a single pore. The mean is indicated by
black bars. Number of pores: 𝑛 = 86, 133, 116, 177, 72, 113, 14, 69 (in the same order as the graph).
Figure 6—Figure Supplement 1. BFP and JFX650-HaloTag signal of pores showing low BFP signal.

Discussion346

Here, we have introduced overmilled palladium ZMWs combined with TIRF illumination as a plat-347

form for single-molecule studies in live cells. By creating an attoliter-volume size-tunable nanowell348

below the ZMW, we achieved a highly confined observation volume that is efficiently penetrated349

by cell protrusions. The resulting reduction of the cytoplasmic volume combined with favorable350

optical properties of the nanowell enabled the observation of single fluorescently-labeled cellular351

membrane proteins even in the presence of high cytoplasmic concentrations of the same fluo-352

rophore.353

Wedemonstrated an effective confinement of the observation volume to the nanowell, a strong354

rejection of background fluorescence originating from the other side of the ZMW and an up to 5-355

fold signal enhancement, both theoretically using FDTD simulations and by in vitro experiments of356

freely diffusing fluorophores (Figure 2 and Figure 3). Significant non-radiative losses to the metal357

occurred for shallow milling depths and small pore diameters where the dyes are confined to the358

proximity of the metal, as evidenced by a strong decrease of the excited state lifetime of the flu-359

orophore, reaching up to a 2.3-fold reduction. Similar changes of the fluorescence lifetime were360

reported for aluminum (Rigneault et al., 2005; Jiao et al., 2014) and aluminum/gold alloy ZMWs361

(Al Masud et al., 2020), with a 2 to 6-fold reduction of the fluorescence lifetime for various fluo-362

rophores and ZMW diameters. Due to a lack of radiative enhancement, this results in a strong363

quantum yield reduction of up to 4-fold within ZMWs with small pore diameters, which however364

approaches the free dye value quickly with increasing distance from the metal (Figure 2 B).365

Despite a ≈10% reduction of the quantum yield throughout the observation volume, the signal366

from within the nanowells is enhanced by a factor of 2 to 5 due to the combination of two effects.367

First, the excitation intensity is focusedwithin the nanowell due to the formation of a standingwave368
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below the metal layer that leads to a 3-fold increase of the excitation intensity at its maximum369

(Figure 2 F, Tanii et al. (2013); Jiao et al. (2014)). Second, an approximate 2-fold increase of the370

detection efficiency arises because the emission is guided towards the detection side due to the371

reflective metal surface (Figure 2 E). The conclusions reached here for the green detection channel372

using the dye Alexa488 (𝜆ex = 488nm, 𝜆em = 525nm) apply also to the far-red detection channel373

using the dye JFX650 (𝜆ex = 640nm, 𝜆em = 670nm), both from the theoretical (Figure 2—Figure374

Supplement 7,8) and experimental side (Figure 3—Figure Supplement 5 ), and are thus expected375

to remain valid over the whole visible spectrum. While similar results are expected also for other376

metals such as gold and aluminum (Rigneault et al., 2005; Miyake et al., 2008; Tanii et al., 2013;377

Jiao et al., 2014;Wuet al., 2019;Gérard et al., 2008; Lenne et al., 2008;AlMasud et al., 2020;Aouani378

et al., 2009), palladium offers a simpler fabrication process compared to aluminum by eliminating379

the need for a SiO2 passivation layer, and a reduced photoluminescence in the green spectral range380

compared to gold (Klughammer and Dekker, 2021).381

Our insights into the optical properties of the nanowells have a number of consequences for in382

vitro and in cellulo applications of ZMWs. For standard ZMWs without overmilling, the zeptoliter-383

size observation volume results in very short dwell times of freely diffusing molecules in the obser-384

vation volume, necessitating immobilization of the molecules of interest. Using overmilled ZMWs,385

we achieve dwell times for freely diffusing molecules that are comparable to residence times in a386

diffraction-limited confocal volume, enabling potential applications of overmilled ZMWs in single-387

molecule spectroscopy and single-molecule FRET experiments (Agam et al., 2023; Lerner et al.,388

2021). The larger volume of the overmilled ZMWs also provides the possibility to study large and389

flexible molecules, such as extended DNA/RNA molecules, that are otherwise difficult to confine390

to the small volume. Furthermore, the distance-dependent quenching by the metal can lead to a391

significant signal reduction in standard ZMWs (Holzmeister et al., 2014), which is avoided in over-392

milled ZMWs where molecules are at sufficient distance from the metal. The excitation intensity393

within standard ZMWs also generally remains limited whenmolecules are not directly immobilized394

on the glass surface due to the exponentially decaying evanescent field. This situation is resolved395

in overmilled ZMWs where the excitation power is effectively focused to the nanowell due to the396

formation of a standing wave, an effect that cannot be exploited in standard ZMWs. While an397

increase of the excitation intensity can also be achieved by increasing laser powers, the distinc-398

tive intensity distribution within the nanowell further improves the background suppression by399

preferential excitation of molecules below the ZMW. Lastly, the metal layer acts a mirror surface400

that leads to a more efficient collection of the fluorescence emission from within the nanowell.401

This provides a more efficient use of the limited signal in single-molecule experiments, which is402

especially crucial in live cell applications where photostabilization by oxygen scavenging and use403

of reducing-oxidizing agents is difficult. A drawback of nanowells compared to standard ZMWs is404

that that larger observation volume in nanowells limits single-molecule detection sensitivity when405

very high protein concentrations are used (micromolar-millimolar). Therefore, standard ZMWs and406

nanowells will each have their specific applications, with nanowells performing especially well in407

cell-based imaging.408

Pd-based ZMWnanowells showed excellent compatibility with live-cell imaging. Cells grew read-409
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ily on palladium-coated glass coverslips, adhered to the untreated metal surface, and showed410

healthymorphologies. Efficient protrusion into the nanowells was observed formost pore sizes, ex-411

cept for the smallest diameter of 100nm, with the frequency of membrane protrusions increasing412

bothwithmilling depth and pore diameter, in agreement with previous results on Al ZMWs (Moran-413

Mirabal et al., 2007). Time-dependent fluctuations of the fluorescence signals of cytoplasmic BFP414

confirmed that cells dynamically explored the nanowells over a timescale of minutes (Figure 5 C,D).415

Approximately 10% of pores exhibited significant cytoplasmic signal that remained stable over a416

timescale of 5min, showing that cells formed stable protrusions into the nanowells on relevant417

timescales for many biological processes. While the cytoplasmic background signal increased both418

with pore size (Figure 5 E, in agreement withMoran-Mirabal et al. (2007)), it was markedly reduced419

under TIRF illumination due to a reduced propagation of the excitation light through the ZMW and420

a more even excitation intensity within the nanowell (Figure 5 H, Figure 2 F-I, Figure 2—Figure421

Supplement 11).422

We showed the applicability of the nanowells for single-molecule fluorescence experiments in423

live cells and its superiority compared to TIRF microscopy with respect to single-molecule obser-424

vations. By following the fluorescence of single membrane-bound fluorophores, we found that425

signal spikes originating from single molecules were only observed for pores with stable protru-426

sions. Most importantly, single-molecule signals could still be observed under conditions of high427

cytoplasmic expression, which did not allow for single-molecule experiments using conventional428

TIRF excitation (Figure 6 F-H). Despite the high concentration of fluorophores in the cytoplasm, we429

could achieve a signal-to-noise ratio of ≈ 7 for shallow pores up to a depth of 100nm, with noise430

levels equivalent to when no cytoplasmic signal was present (Figure 6 J,K). The results confirm the431

excellent suppression of the cytoplasmic signal provided by the ZMWs nanowells, allowing moni-432

toring of single fluorophores despite a high cytoplasmic background of the same fluorophore.433

We envision that overmilled ZMWswill allow live-cell single-molecule fluorescence experiments434

in a wider range of cases. More specifically, it provides a benefit in cases where expression levels435

cannot be controlled, for example when studying endogenously expressed proteins of interest,436

or when weak interactions are studied requiring high concentrations of the interaction partners.437

While we have only tested the human osteosarcomaU2OS cell line in this study, live-cell ZMW imag-438

ing has been applied successfully in other cell lines, including COS-7 cells (Wenger et al., 2007-02),439

Rat basophilic leukemia (RBL) mast cells (Moran-Mirabal et al., 2007), and mouse neuroblastoma440

N2a cells (Richards et al., 2012), suggesting its potential for broad applications. To facilitate cell441

protrusion into the nanopores, surface coatings or functionalization with specific molecules or442

peptides can be employed as effective strategies (García and Boettiger, 1992; VandeVondele et al.,443

2003; Jiang et al., 2004), which may extend the application further to a variety of cell types. Since444

the total cellular membrane fraction that protrudes into the nanowells is small (≤ 1%), efficient ap-445

proaches for membrane recruitment and immobilization of low-concentration complexes will be446

required. A potential strategy could be through introduction of a designed transmembrane pro-447

tein with an intracellular docking platform and extracellular binding to the glass wells below the Pd448

layer using silane chemistry (Malekian et al., 2018) or electrostatic interactions with the glass sur-449

face using poly-lysine (VandeVondele et al., 2003; Liu et al., 2015a). We envisionmany applications450

June 26, 2023 21 of 31

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 28, 2023. ; https://doi.org/10.1101/2023.06.26.546504doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.26.546504
http://creativecommons.org/licenses/by/4.0/


of ourmethod for the study of protein-protein and protein-RNA interactions in the cytoplasm, enzy-451

matic activities of single proteins or complexes such as ribosomes (Yan et al., 2016) or proteasomes452

(Bard et al., 2018), and protein conformational dynamics by combinationwith single-molecule FRET453

(Agam et al., 2023). In this study, we focused on membrane-associated proteins, which have a454

longer residence time within the nanowells compared to cytoplasmic fluorophores. Nonetheless,455

it is likely that ZMW nanowells can similarly be adopted to study freely diffusing molecules which456

would increase the applicability of overmilled ZMWs even further.457

Conclusions458

We introduced the use of overmilled zero-mode waveguides made of palladium combined with459

TIRF illumination for live-cell imaging. We performed a thorough theoretical and experimental char-460

acterization of the optical properties of the nanowells using FDTD simulations and fluorescence ex-461

periments of freely diffusing organic dyes, which together delineated the signal confinement and462

fluorescence enhancement within the overmilled nanowell volume. Live-cell experiments showed463

that cells readily protrude into the nanowells, enabling single-molecule fluorescence experiments464

with excellent signal-to-noise ratio, despite a high cytosolic concentration of the fluorophore. By465

scanning a wide range of pore diameters and milling depths, we provided comprehensive guide-466

lines for future in vitro or in cellulo single-molecule studies where a compromise must be found467

between the required background suppression, the desired fluorescence enhancement, and the468

efficiency of cell protrusions.469

Methods and Materials470

Fabrication of Palladium Zero-Mode Waveguides471

Standard borosilicate coverslips (#1.5H,Marienfeld, Germany) were cleaned by consecutive sonica-472

tion in deionized water, isopropyl alcohol, acetone, and 1M potassium hydroxide solution, washed473

with deionized water, and spin dried. A thin adhesion layer of 3nm titanium was deposited at a474

rate of 0.05nm/s under a base pressure of 3 × 10−6 torr in a Temescal FC2000 e-gun evaporator. In475

the same vacuum, a layer of Pd was immediately added on top of the Ti. Two versions of Pd ZMWs476

were used in this study, which differed by the thickness of the Pd layer. Either 100nm of Pd was477

deposited at a rate of 0.1 nm/s (Version 1) or 150nm at a rate of 0.2 nm/s (Version 2), both under478

a base pressure below 2 × 10−6 torr.479

Nanopores were milled through the layers via focused ion beam (FIB) milling on a FEI Helios480

G4 CX FIB/SEM. To improve consistency, the focus and stigmation of the ion beam was optimized481

on a graphite standard sample before milling. For the pore arrays of version 1, a 33pA beam with482

an acceleration voltage of 30 kV was used. For the pores of version 2, the beam current was set to483

430pA at the same voltage. Due to the higher beam current used for version 2, milling time was484

reduced to around4min per array coming at the cost of lesswell definedpore diameters (Figure 1—485

Figure Supplement 1). The diameters of the resulting pores were measured using the immersion486

mode of the scanning electron microscope on the samemachine. The depth and opening angle of487

the pores, resulting from overmilling into the glass surface, was measured by cutting through the488
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pores with the ion beam and imaging under 52° incident angle. The diameters, depths and taper489

angles of the pores can be found in Figure 1 C,D and Figure 1—Figure Supplement 1 C-F.490

Prior to experiments, ZMWs were thoroughly cleaned by consecutive sonication in deionized491

water, ethanol, isopropyl alcohol, acetone, and 1M potassium hydroxide solution for about 10min492

each and exposed to oxygen plasma at a power of 90W for 1min. The coverslips could be reused493

about 10 times, after which the Pd film started to show signs of degradation.494

Single-molecule measurements of free fluorophores495

Measurements of freely diffusing fluorophores inside Pd ZMWs were performed on coverslips of496

version 1 on a Picoquant Microtime 200 microscope operated using the Symphotime software in497

a temperature controlled room at 21.5 ± 1.0 °C. Lasers were focused by an 60x Olympus UPSLAPO498

60XW water immersion objective with a working distance of 280µm and a numerical aperture499

of 1.2. Excitation at wavelengths of 640nm and 485nm was performed at powers of 10µW as500

measured at the sample plane. Pulsed lasers were operated in pulsed interleaved excitation at501

a repetition frequency of 40MHz (Müller et al., 2005). The molecular brightness of a solution of502

Alexa488 fluorophores was optimized by adjusting the correction collar of the objective prior to503

the experiment. The emission light was passed through a 50µm pinhole, split by a dichroic mirror504

and was filtered by 525/50 or 600/75 optical band pass filters for the blue and red detection chan-505

nels, respectively (Chroma, Bellow Falls). Fluorescence emission was detected on single-photon506

avalanche-diode detectors (PD5CTC and PD1CTC, Micro Photon Devices, Bolzano). Fluorophore507

solutions of 500nM of Alexa488 and JFX650-HaloTag were supplemented by 0.1% Tween20 (Fis-508

cher Scientific) to minimize surface adhesion of the fluorophores. Transmission light images of the509

pore arrays were used to locate the pores prior to fine tuning of the position of the laser focus to510

maximize the signal.511

FDTD Simulations of light fields inside Pd ZMWs512

Three-dimensional FDTD simulations were performed using Lumerical FDTD (ANSYS Inc., USA) as513

described previously for the characterization of free-standing ZMWs (Klughammer et al., 2023) and514

a description is repeated here for completeness. The surrounding medium was modeled as water515

with a refractive index of 1.33 and the refractive indices of the 100nm thick palladium membrane516

and the SiO2 layer were modelled according to (Alterovitz et al., 1998). For the simulation of the517

excitation field, the ZMWwas illuminated by a total-field scattered-field sourcewhichwas polarized518

in the x-direction. The source was set as a plane wave for widefield excitation and TIRF excitation519

under an incidence angle of 70°, and a Gaussian source with a numerical aperture of 1.2 for fo-520

cused excitation. The simulation box size was 1x1x0.8 µm3 for widefield and TIRF excitation with a521

grid resolution of 5nm. To correctly model the focused beam, a larger box of 4x4x0.8 µm3 was re-522

quired for the Gaussian source, in which case a larger grid resolution of 50nm was used to model523

the field further away from the nanowell keeping the 5nm grid resolution close to the nanowell.524

The electromagnetic field intensity distributions, computed as the absolute value of the complex525

electric field, |𝐸|

2, in the xz- and yz-planes at the center of the nanowell and in the xy-plane at the526

ZMW entry are shown in Figure 2—Figure Supplement 1 - Figure Supplement 6. To model the flu-527
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orescence emission, a dipole emitter was placed at varying z-positions along the central axis of of528

the nanowell. The radiated power was monitored on all sides of the simulation box (see below).529

To compute the detection efficiency, the radiated power was integrated only over the detection530

side below the palladium layer. For dipole emission, all reported quantities were averaged over531

horizontal and vertical orientations of the dipole to model isotropic emission. The power was only532

weakly affected by the lateral position of the emitter with respect to the center of the nanowell533

(Figure 2—Figure Supplement 10, Levene et al. (2003)).534

Estimation of quantum yield and fluorescence lifetimes535

Quantum yields and fluorescence were computed as described previously (Klughammer et al.,536

2023) and this description is repeated here for completeness. In the absence of the nanostructure,537

the decay rate of the excitedmolecule is given by 𝛾0 = 𝛾0𝑟 +𝛾0𝑛𝑟, where 𝛾0𝑟 and 𝛾0𝑛𝑟 are the radiative and538

non-radiative decay rates. Here, 𝛾0𝑛𝑟 represents the rate of non-radiative relaxation to the ground539

state due to internal processes, which is assumed to be unaffected by the nanostructure. The540

intrinsic quantum yield of the fluorophore is defined as Φ0 = 𝛾0𝑟 ∕(𝛾
0
𝑟 + 𝛾0𝑛𝑟) and was obtained from541

literature as Φ0 = 0.8 and 0.53 for Alexa488 and JFX650 (Hellenkamp et al., 2018-09; Grimm et al.,542

2021).543

Within the nanowell, the radiative decay rate 𝛾𝑟 is modified. Additionally, a non-radiative loss544

rate 𝛾loss arises due to absorption by the metal nanostructure (Novotny and Hecht, 2006). The545

quantum yield Φ in the presence of the ZMW is given by (Bharadwaj and Novotny, 2007):546

Φ =
𝛾𝑟∕𝛾0𝑟

𝛾𝑟∕𝛾0𝑟 + 𝛾loss∕𝛾0𝑟 + (1 − Φ0)∕Φ0
, (1)

where 𝛾0𝑟 and 𝛾𝑟 are the radiative rates in the absence and the presence of the ZMW respectively.547

While absolute decay rates 𝛾𝑟, 𝛾loss, and 𝛾0𝑟 are inaccessible from FDTD simulations, relative rates548

normalized to the radiative rate in the absence of the ZMW, 𝛾0𝑟 , can be obtained from the power 𝑃549

radiated by the dipole (Kaminski et al., 2007) as:550

𝛾𝑟
𝛾0𝑟

=
𝑃f f

𝑃 0
𝑟
and

𝛾loss
𝛾0𝑟

=
𝑃r

𝑃 0
𝑟
−

𝑃f f

𝑃 0
𝑟
, (2)

where𝑃𝑟 and𝑃 0
𝑟 are the powers radiatedby thedipole in the presence and absence of the ZMW, and551

𝑃f f is the power that is radiated into the far-field in the presence of the ZMW. See Figure 2—Figure552

Supplement 9 for the obtained z-profiles of the normalized radiative and non-radiative rates.553

To obtain the fluorescence lifetime 𝜏, which is given by the inverse of the sumof all de-excitation554

rates, we use the relation 𝜏 = Φ∕𝛾𝑟 in combination with eq. 1 :555

𝜏 = 1
𝛾𝑟 + 𝛾loss + 𝛾0𝑛𝑟

=
1∕𝛾0𝑟

𝛾𝑟∕𝛾0𝑟 + 𝛾loss∕𝛾0𝑟 + (1 − Φ0)∕Φ0
, (3)

where the intrinsic radiative rate 𝛾0𝑟 was estimated as 𝛾0𝑟 = Φ0∕𝜏0, with the experimentally measured556

fluorescence lifetimes 𝜏0 for Alexa488 and JFX650 of 4.0 ns and 3.9 ns. The detection efficiency 𝜂557

was estimated as the fraction of the power radiated towards the lower (detection) side of the ZMW,558

𝑃 𝑧−
ff , with respect to the total radiated power:559

𝜂 =
𝑃 𝑧−
ff

𝑃f f
. (4)
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Finally, the total detected signal as a function of the z-position of the emitter within the nanowell560

was computed as the product of the excitation intensity 𝐼ex(𝑧), detection efficiency 𝜂(𝑧), and quan-561

tum yield Φ(𝑧) as:562

𝑆(𝑧) = 𝐼ex(𝑧)𝜂(𝑧)Φ(𝑧). (5)
The computed detection efficiency 𝜂, quantum yield Φ, detected signal 𝑆(𝑧) and lifetime 𝜏 as a563

function of the z-position within the ZMW are shown in Figure 2—Figure Supplement 7,8.564

Estimation of signal enhancement factors565

To estimate the theoretical signal enhancement factor, we performed simulations in the absence566

of the palladium layer and glass nanowell to mimic the free diffusion experiment (Figure 3—Figure567

Supplement 7). A 50nm thin glass layerwas added at the edgeof the simulated volume (at 𝑧 ≈ −4µm)568

to account for the glass-water interface. The signal enhancement factor at each z-position was569

computed as the ratio of the detected signal in the nanowell and the free diffusion value:570

𝜀ZMW

𝜀0
(𝑧) =

𝐼ex,ZMW(𝑧)𝜂(𝑧)Φ(𝑧)
𝐼ex,0(𝑧)𝜂0Φ0

, (6)
whereΦ0 is the reference quantum yield. Here, we assume that 50% of the signal is detected in the571

free diffusion case (𝜂0 = 0.5) and neglect detection losses due to the limited numerical aperture of572

the objective lens which are assumed to be identical for the compared conditions. The predicted573

average enhancement factors were then computed as the signal-weighted average along the cen-574

tral pore axis (𝑥 = 0, 𝑦 = 0) from the bottom of the well of depth ℎ towards the end of the simulation575

box at height 200nm:576

⟨

𝜀ZMW

𝜀0

⟩

ℎ
=

∫ 200 nm
−ℎ 𝑆(𝑧) 𝜀ZMW

𝜀0
(𝑧)𝑑𝑧

∫ 200 nm
−ℎ 𝑆(𝑧)𝑑𝑧

, (7)
where 𝑆(𝑧) is the detected signal as defined in eq. 5. See Figure 3—Figure Supplement 7 for details.577

Live cell imaging on Pd ZMWs578

Cell lines579

Human U2OS (ATCC, HTB-96) and HEK 293T (ATCC, CRL-3216) cells were used for imaging and580

lentivirus production, respectively. They were grown in DMEM (4.5 g/L glucose, Gibco) with 5%581

fetal bovine serum (Sigma-Aldrich) and 1%penicillin / streptomycin (Gibco) andmaintained at 37 °C582

with 5% CO2. The cell lines were confirmed to be mycoplasma-free. Cell lines stably expressing583

transgenes were generated via lentiviral transduction. Lentivirus was produced by transfecting584

HEK 293T cells with polyethylenimine (Polysciences Inc.) and packaging vectors (psPAX2, pMD2.g)585

and the lentiviral plasmid of interest. The viral supernatant was collected 72h after transfection.586

Cells were seeded for infection at ≈35% confluency 24h prior to lentivirus addition. The cells were587

spin-infected with the viral supernatant and Polybrene (10µg/ml) for 90min at 2000 rpm at 32 °C,588

then cultured for 48h. Monoclonal cell lines expressing the transgene were isolated by single cell589

sorting into 96-well plates via FACS. The TfR coding sequence was amplified from Addgene plasmid590

# 133451.591
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Cell culture for imaging592

Cells were seeded on ZMW coverslips in a 6-well plate at 40% to 45% confluency 1day before the593

imaging experiment. The cell culture medium was replaced with imaging medium (pre-warmed594

CO2-independent Leibovitz’s-15 medium (Gibco) with 5% fetal bovine serum and 1% penicillin /595

streptomycin) 30min prior to imaging. All live-cell imaging experiments were performed at 37 °C.596

For experiments with HaloTag expressing cell lines, they were incubated with 5nM JFX650-Halo597

ligand in pre-warmed Leibovitz’s L15 medium for 10min and washed three times.598

Microscope and image acquisition599

Live-cell imaging experiments were performed using a Nikon TI inverted microscope equipped600

with a TIRF illuminator, perfect focus system and NIS Element Software. A Nikon CFI Apochro-601

mat TIRF 100X 1.49 NA oil-immersion objective was used. The microscope was equipped with a602

temperature-controlled incubator. Bright-field and fluorescence images at each ZMW array posi-603

tion were recorded using an Andor iXon Ultra 888 EMCCD camera.604

Data analysis605

Single-molecule fluorescence experiments606

Fluorescence correlation spectroscopy (FCS) and lifeitme analysis was performed using the PAM607

software package (Schrimpf et al., 2018). Autocorrelation functions 𝐺(𝑡𝑐) were fit to a standard608

model function for 3D diffusion:609

𝐺(𝑡𝑐) =
1
𝑁

(

1 +
𝑡𝑐
𝜏𝐷

)−1 (

1 +
𝑡𝑐

𝑝2𝜏𝐷

)−1∕2

, (8)
where 𝑡𝑐 is the correlation time, 𝑁 is the average number of particles in the observation volume,610

𝜏𝐷 is the diffusion time, and 𝑝 is a geometric factor that accounts for the axial elongation of the611

confocal volume (𝑝 = 3.4). While, strictly speaking, the 3D diffusion model is not applicable for the612

complex geometries in this study, we apply it here as a simple means to extract the amplitude613

and average decay time of the curves. The molecular brightness 𝜀 was calculated from the aver-614

age signal ⟨𝐼⟩ as 𝜀 = ⟨𝐼⟩ ∕𝑁 . The effective volume was computed using the known concentration615

𝑐 of the fluorophore as 𝑉FCS = 𝑁∕(𝑁𝐴𝑐), where 𝑁𝐴 is Avogadro’s number. Fluorescence decays616

of Alexa488 were fitted to a single-exponential decay that was convoluted with the instrument re-617

sponse function. Decays for JFX650 generally required two lifetimes to achieve a good fit, of which618

we report the average. The second component most likely originates from a fraction of dyes that619

were sticking to the surface.620

Cell imaging621

The images were analysed using custom-written software for MATLAB. The program automatically622

determined the positions of pores from bright-field images and calculated the fluorescence inten-623

sity of each pore from the fluorescence images. The BFP and JFX650-Halo fluorescence signals624

were obtained by calculating the mean intensity over a 7x7 pixel area around the pore and sub-625

tracting the background intensity determined from the outer edge pixels of the pore. To analyze626

the fraction of pores occupied by cells for each pore size (Figure 4 C), we estimated the area oc-627

cupied by cells by manually determining an outline containing connected areas of occupied wells628
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from 6 images. We analyzed the BFP intensity of each well in this area, with a total of 7367 wells629

analyzed. As a negative control, we measured the BFP intensity of the pores where no cells were630

present and set a threshold to determine positive BFP intensity pores. The total number of pores631

with a positive BFP signal above the threshold was 1890 (Figure 4—Figure Supplement 1 C). This632

panel illustrates the fraction of pores with positive BFP intensity among the analyzed pores for633

each pore size. For the analysis of the JFX650-Halo time traces, a hidden Markov model (vbFRET634

algorithm, (Bronson et al., 2009)) with the default setting of the algorithm was used to assign on635

and off states of the Halo signal.636

Data availability637

All data underlying this study is made available in an open repository (Yang et al., 2023)638
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Figure 1—Figure Supplement 1. Additional SEM images and layouts of version 1 and 2
arrays. A,B: SEM images of overmilled Pd ZMWs, imaged under 52 °. Pd shows up as a bright
layer and glass as a dark layer. C: An SEM image of a Pd ZMW array of version 1 containing five
regions of different milling depths (h), each made from nine rows of pores with varying diameter.

D: Zoom in of C. E: Taper angle vs. milling depth. For deeper pores, the edges were more
perpendicular with an average of 22 ° (horizontal line). F: Diameters (d) and depths (h) in nm of
ZMW arrays for arrays of version 2 together with their uncertainty (estimated from measuring

several pores).
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Figure 2—Figure Supplement 1. Excitation field intensity distributions from FDTD simula-
tions under widefield excitation at 𝜆ex =488nm. A: Schematic of the simulation setup. B-E:
Excitation field intensity distributions |𝐸|

2 in 𝑉 2∕𝑚2 in the x-z (left), y-z (middle) and x-y plane at the
entrance to the ZMW (right) at pore diameters d of 50nm (B), 100nm (C), 200nm (D), and 300nm
(E) and milling depths h of 0nm (top), 100nm (middle), and 200nm (bottom). The electric field is
polarized along the x-axis.
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Figure 2—Figure Supplement 2. Excitation field intensity distributions from FDTD simula-
tions under widefield excitation at 𝜆ex =640nm. A: Schematic of the simulation setup. B-E:
Excitation field intensity distributions |𝐸|

2 in 𝑉 2∕𝑚2 in the x-z (left), y-z (middle) and x-y plane at the
entrance to the ZMW (right) at pore diameters d of 50nm (B), 100nm (C), 200nm (D), and 300nm
(E) and milling depths h of 0nm (top), 100nm (middle), and 200nm (bottom). The electric field is
polarized along the x-axis.
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Figure 2—Figure Supplement 3. Excitation field intensity distributions from FDTD simula-
tions under TIRF illumination at an angle of 70° at 𝜆ex =488nm. A: Schematic of the simulation
setup. B-E: Excitation field intensity distributions |𝐸|

2 in 𝑉 2∕𝑚2 in the x-z (left), y-z (middle) and
x-y plane at the entrance to the ZMW (right) at pore diameters d of 50nm (B), 100nm (C), 200nm
(D), and 300nm (E) and milling depths h of 0nm (top), 100nm (middle), and 200nm (bottom). The
electric field is polarized along the x-axis.
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Figure 2—Figure Supplement 4. Excitation field intensity distributions from FDTD simula-
tions under TIRF illumination at an angle of 70° at 𝜆ex =640nm. A: Schematic of the simulation
setup. B-E: Excitation field intensity distributions |𝐸|

2 in 𝑉 2∕𝑚2 in the x-z (left), y-z (middle) and
x-y plane at the entrance to the ZMW (right) at pore diameters d of 50nm (B), 100nm (C), 200nm
(D), and 300nm (E) and milling depths h of 0nm (top), 100nm (middle), and 200nm (bottom). The
electric field is polarized along the x-axis.
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Figure 2—Figure Supplement 5. Excitation field intensity distributions from FDTD simu-
lations under excitation by a focused Gaussian beam at NA = 1.2 and a wavelength of
𝜆ex =488nm. A: Schematic of the simulation setup. B-E: Excitation field intensity distributions
|𝐸|

2 in 𝑉 2∕𝑚2 in the x-z (left), y-z (middle) and x-y plane at the entrance to the ZMW (right) at pore
diameters d of 50nm (B), 100nm (C), 200nm (D), and 300nm (E) and milling depths h of 0nm (top),
100nm (middle), and 200nm (bottom). The electric field is polarized along the x-axis.
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Figure 2—Figure Supplement 6. Excitation field intensity distributions obtained from FDTD
simulations under excitation by a focused Gaussian beam at NA = 1.2 and 𝜆ex =640nm. A:
Schematic of the simulation setup. B-E: Excitation field intensity distributions |𝐸|

2 in 𝑉 2∕𝑚2 in the
x-z (left), y-z (middle) and x-y plane at the entrance to the ZMW (right) at pore diameters d of 50nm
(B), 100nm (C), 200nm (D), and 300nm (E) andmilling depths h of 0nm (top), 100nm (middle), and
200nm (bottom). The electric field is polarized along the x-axis.
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Figure 2—Figure Supplement 7. FDTD simulations of fluorescence emission and detected sig-
nal from overmilled ZMWs for Alexa488. A: Schematic of the simulation setup. B-D: Computed
quantum yield Φ, detection efficiency 𝜂, and fluorescence lifetime 𝜏 profiles of the dye Alexa488
as a function of the z position. Dashed lines indicate the values in the absence of a ZMW. E-G: Z-
profiles of the excitation intensity profiles along the central pore axis (top) and the total detected
signal S(z) (bottom) under excitation by a focused Gaussian beam (E), plane wave (i.e., widefield)
(F) or excitation under TIRF angle (G). The position of the metal membrane is indicated as a gray
shaded area.
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Figure 2—Figure Supplement 8. FDTD simulations of fluorescence emission and detected
signal from overmilled ZMWs for JFX650. A: Schematic of the simulation setup. B-D: Computed
quantum yield Φ, detection efficiency 𝜂, and fluorescence lifetime 𝜏 profiles of the dye JFX650 as a
function of the z position. Dashed lines indicate the values in the absence of a ZMW. E-G: Z-profiles
of the excitation intensity profiles along the central pore axis (top) and the total detected signal
𝑆(𝑧) (bottom) under excitation by a focused Gaussian beam (E), plane wave (i.e., widefield) (F) or
excitation under TIRF angle (G). The position of the metal membrane is indicated as a gray shaded
area.
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Figure 2—Figure Supplement 9. Overviewof radiative andnon-radiative rates obtained from
FDTD simulations of fluorescence emission within overmilled ZMWs. Shown are the non-
radiative loss rate (top) and radiative rate (bottom) in the presence of the metal nanostructure
for the dyes Alexa488 (A) and JFX650 (B). The radiative rate towards the detection side is given
as a dashed line, from which the detection efficiency is computed. Note that the given rates are
normalized to the rates in the absence of the ZMW as described in the methods.
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Figure 2—Figure Supplement 10. FDTD simulations of dipole emission as a function of the
distance to the porewalls. A: Schematic of the simulation setup. The dipole was placed at varying
distances Δ𝑥 from the pore walls and the emission was monitored as a function of the z-position.
B,C: Z-profiles of the normalized radiative and loss rates, the detection efficiency 𝜂, the quantum
yield Φ, and the product of the detection efficiency and quantum yield, Φ ⋅ 𝜂 for Alexa488 (B) and
JFX650 (C) at the indicated excitation and emission wavelengths. The quantum yield of the free
dye is shown as a dashed line. The dipole emission within the overmilled volume in the glass was
found to be approximately independent of the lateral displacement within the pore at distance of
≈25nm away from the ZMW. Within the ZMW, the non-radiative rate is strongly increased as the
dipole approaches the pore wall, with significant non-radiative losses occurring at distances below
25nm that result in a reduction of the quantum yield. Note that the loss rate is given on a log scale.
The position of the palladium layer is indicated as a gray shaded area.
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Figure 2—Figure Supplement 11. Estimation of background signal from FDTD simulations
for the dyes Alexa488 (A-F) and JFX650 (G-L) under the different excitation modes. A-C, G-
I: The detected signal S(z) obtained for widefield (WF), TIRF, and focused excitation (solid lines) is
extrapolated by fitting the signal profile in the z-range from 100nm to 200nm to an exponential
decay (dashed lines). D-F, J-L: From the extrapolated signal profiles, the amount of signal detected
from the upper side (above a z position of 100nm) is estimated for different pore diameters and
milling depths. The bars for 100nm are barely visible due to their small height.

June 26, 2023

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 28, 2023. ; https://doi.org/10.1101/2023.06.26.546504doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.26.546504
http://creativecommons.org/licenses/by/4.0/


time [ns]

I/I
m

ax

100 nm
150 nm
200 nm
250 nm
280 nm

pore diameter

time [ns]

I/I
m

ax

0 nm
50 nm
100 nm
150 nm
200 nm

milling depth

time lag tc  [s]

G
(t c)

100 nm
150 nm
200 nm
250 nm
280 nm

pore diameter

time lag tc  [s]

G
(t c)

0 nm
50 nm
100 nm
150 nm
200 nm

milling depth

10-6 10-5 10-4 10-3

time lag tc  [s]

0

0.05

0.1

0.15

0.2

0.25

0.3
G

(t c)

G(0) = 1/N

tD

autocorrelation function

B C

D

A

E F

S0

S1

τ = (kr+knr)
-1

krkex knr

h = 0 nm
d = 280 nm

h = 100 nm

h = 100 nm

free dye

d = 100 nm

d = 100 nm

0 5 10 15 20

10-2

10-1

100

0 5 10 15 20

10-2

10-1

100

10-6 10-5 10-4 10-3
0

0.2

0.4

0.6

0.8

1

10-6 10-5 10-4 10-3
0

0.2

0.4

0.6

0.8

1

Figure 3—Figure Supplement 1. Experimental characterization of photophysics and diffu-
sion within ZMWs. A: Jablonski scheme of the photophysics in the ZMW. Dyes are radiatively
excited from the electronic ground state 𝑆0 to the first excited state 𝑆1 with rate 𝑘ex, from where
relaxation can occur radiatively (𝑘𝑟) or non-radiatively (𝑘𝑛𝑟). In the waveguide, all displayed rates
change due to excitation field enhancement, plasmonic coupling, and metal-induced quenching.
The excited state lifetime reports on the sum of the radiative and non-radiative rates. B,C: Fluores-
cence decays acquired at different pore diameters for a constant milling depth of 100nm (B) and
at different milling depths for a constant pore diameter of 100nm (C). D: Autocorrelation function
of the fluorescence time trace shown in Figure 3 C. The FCS analysis informs on the average num-
ber of particles (𝑁 ) and the residence time of molecules within the ZMW (𝑡𝐷). E,F: FCS curves of
the data shown in Figure 3 D-F. In B,C,E, and F, the curves for the free dye obtained from a free
diffusion experiment are shown in gray.
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Figure 3—Figure Supplement 2. Extracted parameters for the dye Alexa488 in overmilled
Pd ZMWs. Shown are the estimated particle number 𝑁 , diffusion time 𝑡𝐷 , count rate, molecular
brightness 𝜀ZMW, and fluorescence lifetime 𝜏 as a function of the pore diameter at constant milling
depth (A-E), as a function of the milling depth at constant pore diameter (F-J), and as heatmap
plots (K-O). The molecular brightness and fluorescence lifetime of the free dye are indicated by
gray dashed lines.
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Figure 3—Figure Supplement 3. Extracted parameters for the dye JFX650 in overmilled Pd
ZMWs. Shown are the estimated particle number𝑁 , diffusion time 𝑡𝐷 , count rate, molecular bright-
ness 𝜀ZMW, and fluorescence lifetime 𝜏 as a function of the pore diameter at constant milling depth
(A-E), as a function of the milling depth at constant pore diameter (F-J), and as heatmap plots (K-O).
The molecular brightness and fluorescence lifetime of the free dye are indicated by gray dashed
lines. The robustness of the FCS analysis ismarkedly reduced compared to the Alexa488 dye due to
significant sticking of the JFX650 dye to the glass andmetal surfaces, as evident from the drastically
prolonged diffusion times (B,G,L).
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Figure 3—Figure Supplement 4. Quantification of the observation volume in overmilled
ZMWs. A,B: Estimated effective volumes 𝑉FCS as a function of the pore diameter (A) and milling
depth (B). The effective volume 𝑉FCS was estimated from the particle number 𝑁 determined from
FCS as 𝑉FCS = 𝑁∕𝑐, where 𝑐 is the concentration of the dye (𝑐 = 500 nM). Note that the effective
volume in FCS corresponds to a hypothetical volume with constant signal that contains𝑁 particles
(Xu and Webb, 2002; Levene et al., 2003). The effective volume shows a quadratic scaling with the
pore diameter and linear scaling with themilling depth, as expected for the approximately cylindri-
cal volume of the overmilled ZMWs. C,D: Comparison of the calculated volume of the overmilled
aperture in the glass, 𝑉calc, and the experimentally determined effective volume, 𝑉FCS , color coded
by milling depth (C) and pore diameter (D). 𝑉calc is given by 𝑉calc = (𝜋∕4)𝑑2(𝑧 + 𝑙), where 𝑑 is the
diameter, 𝑧 the overmilling depth, and 𝑙 is the thickness of the Pd layer (𝑙 = 100 nm). An excellent
correlation is observed between the two quantities (Pearson’s correlation coefficient 𝑟 = 0.96), how-
ever the measured volumes 𝑉FCS are consistently overestimated by a factor of ≈ 2 for small pores
(𝑉calc ≤ 5 aL) and ≈ 6 for large pores (𝑉calc ≥ 10 aL). Note that this overestimation is also present at
small pore diameters where only little signal is detected from within the ZMW. Similar overestima-
tion of the particle numbers within ZMW by FCS have previously been reported and attributed to
a contribution of constant signal frommany dim particles outside of the ZMW (Levene et al., 2003;
Rigneault et al., 2005; Lenne et al., 2008;Wu et al., 2019).
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Figure 3—Figure Supplement 5. Comparison of extracted parameters for the dyes Alexa488
and JFX650 in ZMW. The heatmap plots show the average number of particles in the observation
volume𝑁 , fluorescence lifetime 𝜏, and signal enhancement factor for the dyes Alexa488 (A-C) and
JFX650 (D-F). The enhancement factor is defined as the ratio of the counts per molecule in the
ZMW compared to free diffusion, 𝜀ZMW∕𝜀0. Data marked as N/A could not be quantified due to
insufficient signal. The trends visible for Alexa488 are not as clear with JFX650 due to non-specific
sticking interactions of the fluorophore with the surface, as evidenced by the increased diffusion
time (see Figure 3—Figure Supplement 3).
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Figure 3—Figure Supplement 6. Correlation between fluorescence lifetime and molecular
brightness in ZMW for Alexa488 (A,B) and JFX650 (C,D). The data is color coded either by pore
diameter (A,C) ormilling depth (B,D). The fluorescence lifetime is given by the inverse of the excited
state decay rate. A reduction of the lifetime thus indicates the enhancement of the radiative and/or
non-radiative relaxation rates due to the ZMW. A negative correlation is observed, where a lower
lifetime corresponds with an increased molecular brightness.
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Figure 3—Figure Supplement 7. FDTD simulations of excitation field and fluorescence emis-
sion in the absence of a Pd layer. A,B: Schematic of the simulation setup with (A), without (B) the
Pd layer and for the free solution case (C).D,E: Computed excitation field intensity |𝐸2

|, normalized
radiative rate 𝛾𝑟∕𝛾0𝑟 , normalized loss rate 𝛾loss∕𝛾0𝑟 quantum yield Φ, detection efficiency 𝜂, and total
fluorescence signal S(z) as a function of the z position in the presence (D) and absence (E) of the
Pd layer. In D, the position of the metal membrane is indicated as a gray shaded area. In E, the
position of the SiO2 layer is indicated as a blue shaded area (except for the free diffusion case). The
detection efficiency was set to 0.5 in the absence of the Pd layer. A small radiative rate enhance-
ment arises even in the absence of the Pd layer when the dipole is placed in the SiO2 nanocavity
due to the Purcell effect (Purcell, 1946).
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Figure 3—Figure Supplement 8. Comparison of experimental and predicted enhancement
factors in overmilled Pd ZMWs. A,C:Measured and predicted enhancement factors as a function
of the milling depths (A) or pore diameter (C). The scaling of the two y-axes was adjusted according
to the results of the linear regression betweenmeasured and predicted enhancement factors. B,D:
Plots of the measured versus the predicted enhancement factors, color coded by milling depth (B)
or pore diameter (D). The solid line is a linear fit given by 𝑦 = 1.33𝑥 + 0.58. The Pearson correlation
coefficient is 𝑟 = 0.92.
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Figure 4—Figure Supplement 1. A: Overlay of bright-field and BFP fluorescence images from
Figure 4, depicting cells attached to the coverslip. B: Overlay of bright-field and BFP fluorescence
images obtained from the same field of view as in (A) for the flipped conformation, where cells
attached to the Pd surface are not imaged through the ZMWs but from the open top side. Note
that the image is mirrored to visualize cells in the same orientation as in (A). Scale bars: 10µm. C:
BFP fluorescence intensities of individual pores with varying sizes. Each dot represents a single
pore. The total number of analyzed pores was 1890.
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Figure 5—Figure Supplement 1. Brightfield and BFP-fluorescence images of array version 2
Orientation is the same as in Figure 1—Figure Supplement 1 F. The brightfield image (left) shows
the location of pores and the BFP-fluorescence image (right) shows their occupation.
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Figure 5—Figure Supplement 2. Representative examples of BFP fluorescence intensity
switching between high and low signal. A,B: Representative examples of BFP fluorescence in-
tensity time traces for individual pores where the intensity switched between the high and low
intensity levels. C: Percentage of pores with high stable BFP signal for the duration of the movie
(300 s). The total number of pores analyzed is 30907, with approximately 1900 pores for each pore
size.
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Figure 5—Figure Supplement 3. TIRF illumination vs. widefield illumination. A: Bright-field
image (left), and BFP fluorescence images acquired with either TIRF illumination (center) or WF
illumination (right) of nanopores with milling depth ℎ =150nm and diameter 𝑑 =180nm. Scale
bar, 5 µm. The boxes indicate the location of the zoom-in shown in Figure 5 G. B: Scatter plot of
BFP intensities in individual pores for TIRF and widefield illumination, with each dot representing
a single pore. Note that the two populations can be distinguished much more readily when using
TIRF excitation compared to widefield illumination. The number of pores analyzed is 150.
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Figure 6—Figure Supplement 1. BFP and JFX650-HaloTag signal of pores showing low BFP
signal. Bright-field, BFP, and JFX650-HaloTag signal from representative pores showing only low
BFP signal with milling depths of 50nm (left) or 200nm (right). A fluorescence time trace of a single
pore is shown for each condition. Insets provide a zoom-in on the grey box. While a low signal
from BFP is observed, no single molecule events of the red fluorophore could be detected. Time
interval, 5 s for BFP, 500ms for JFX650-Halo
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