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ABSTRACT: Single-molecule Förster resonance energy transfer (FRET) is a versatile technique for probing the structure and
dynamics of biomolecules even in heterogeneous ensembles. However, because of the limited fluorescence brightness per molecule
and the relatively long fluorescence lifetimes, probing ultrafast structural dynamics in the nanosecond time scale has thus far been
very challenging. Here, we demonstrate that nanophotonic fluorescence enhancement in zero-mode waveguides enables
measurements of previously inaccessible low-nanosecond dynamics by dramatically improving time resolution and reduces data
acquisition times by more than an order of magnitude. As a prototypical example, we use this approach to probe the dynamics of a
short intrinsically disordered peptide that were previously inaccessible with single-molecule FRET measurements. We show that we
are now able to detect the low-nanosecond correlations in this peptide, and we obtain a detailed interpretation of the underlying
distance distributions and dynamics in conjunction with all-atom molecular dynamics simulations, which agree remarkably well with
the experiments. We expect this combined approach to be widely applicable to the investigation of very rapid biomolecular
dynamics.

Investigating the entire spectrum of biomolecular dynamics is
essential for understanding the mechanisms of biological

processes at the molecular scale. A powerful class of methods for
probing a broad range of time scales is single-molecule
fluorescence spectroscopy.1−8 The application of single-
molecule Förster resonance energy transfer (FRET), e.g., is
particularly common for obtaining information on molecular
distances and dynamics frommilliseconds to minutes. However,
monitoring more rapid intramolecular distance dynamics often
remains a challenge.
Time scales down to the submicrosecond regime can be

reached with fluorescence correlation spectroscopy2 (FCS)
combined with single-molecule FRET between a donor and
acceptor fluorophore attached to specific sites on biomole-
cules.3,4 One important application of this nanosecond
fluorescence correlation spectroscopy (nsFCS) has been the
investigation of the rapid chain dynamics of unfolded
polypeptides and intrinsically disordered proteins.10,11 By
globally analyzing the donor−donor, acceptor−acceptor, and
donor−acceptor fluorescence intensity correlations, distance
dynamics can be quantified and distinguished from other
contributions such as fluorescence quenching or rotational
motion.11,12 Moreover, subpopulations can be separated and
their dynamics extracted even for heterogeneous mixtures of
conformational states.3,4,10 Disordered proteins of 50−100
residues typically exhibit chain reconfiguration times of tens to
hundreds of nanoseconds.11

However, nsFCS currently suffers from two major limitations.
First, data acquisition times of 10 h or more are often required
for reliably quantifying dynamics in the submicrosecond regime,
which limits sample throughput. Given typical photon count
rates below 106 s−1, the probability of detecting photons

separated by nanoseconds, the key requirement for retrieving
information on this time scale, is intrinsically low. Second, the
shortest accessible times are limited by the fluorescence lifetimes
of the fluorophores, typically a few nanoseconds. If the distance
dynamics of interest are not well separated from this range,
distinguishing the two contributions becomes difficult and has
limited the use of nsFCS to distance dynamics above ∼20 ns.11
Here we use nanophotonics in zero-mode waveguides

(ZMWs) to overcome these limitations. ZMWs are subwave-
length apertures (Figure 1a, Supporting Information (SI),
Figure S1) that were first introduced as a means of reducing the
observation volume to the attoliter range and thus enabling
single-molecule detection at much higher concentrations than
previously possible.13,14 However, another major advantage of
ZMWs for single-molecule spectroscopy is the enhancement of
fluorescence emission by the local environment in the
nanocavity:15−17 The fluorescence brightness is increased,
which improves the signal-to-noise ratio and reduces data
acquisition times. Simultaneously, fluorescence lifetimes are
decreased, which enables access to a broader range of dynamics
in the nanosecond regime.
Figure 1 shows the effect of ZMWs produced by focused ion-

beammilling in a 100 nm aluminum layer on the confocal single-
molecule detection of the commonly used Alexa Fluors 488 and
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594 attached as FRET donor and acceptor, respectively, to the
termini of the short disordered peptide G(AGQ)6AGC. As
expected from the smaller observation volume in the 120 nm
ZMWs, the translational diffusion time of this AGQ peptide is
much shorter than in confocal measurements without ZMW
(Figure 1d, SI, Figure S2). More importantly, however, the
fluorescence lifetimes of the dyes are reduced by about 2-fold in
the ZMWs (Figure 1b), and the average count rate per molecule
(CRM) is enhanced by about 6−8-fold (Figure 1c, see SI,
Methods). This nanophotonic enhancement of the electric field
and the connected effects on the decay and transfer rates of
donor and acceptor in the ZMWs are expected to cause a change
in the distance dependence of the FRET efficiency.18 The small
shift in efficiency we observe (<0.1, Figure 1e) indicates only a
moderate effect on the energy transfer process17 that can be
accounted for by calibration (see SI, Methods and Figure S3)
and shifts sensitivity toward slightly shorter distances. Single-
molecule FRET and nsFCS are thus feasible in ZMWs with this
commonly used dye pair.
We use the Alexa488/594-labeled disordered AGQ peptide to

assess the enhancement of nsFCS by ZMWs (Figure 2). In 7.4M

urea, where the peptide is more expanded than in the absence of
denaturant (SI, Figure S3), its rapid end-to-end distance
fluctuations result in a correlation time of only about twice the
natural fluorescence lifetimes of the fluorophores (Figure 2a).
This situation is challenging for conventional nsFCS19 because
the correlation caused by conformational dynamics overlaps
with the pronounced drop of the curve at short times caused by
photon antibunching (Figures 2a, SI, Figure S2). With the
ZMWs, however, the reduced fluorescence lifetimes lead to a
narrower photon antibunching component, and the rapid
conformational dynamics can be clearly resolved in the
correlation functions (Inset Figure 1d, Figure 2b, SI, Figure
S2). We extract a characteristic relaxation time corresponding to
conformational dynamics of 8.8 ± 0.3 ns (Figure 2b). Even in
the absence of urea, where the AGQ peptide is more compact
(SI, Figure S3) and the conformational dynamics are faster still,
nsFCS in ZMWs can resolve the contribution from chain
dynamics (Figure 2d). The observed correlation time of 4.2 ±
0.5 ns is very close to the natural fluorescence lifetimes of the
dyes and thus beyond the reach of measurements without
ZMWs (SI, Figure S4). Furthermore, the nanophotonic

Figure 1. Enhancing nsFCS with zero-mode waveguides (ZMWs). (a) Schematic depiction of confocal measurements of the AGQ peptide labeled
with Alexa 488 and 594 in a ZMW. Inset: scanning electron micrograph of a 120 nm aluminum ZMW nanoaperture (SI, Figure S1). (b) Polarization-
resolved fluorescence lifetime decays of donor and acceptor measured confocally without (gray) and with ZMW (color: darker, parallel polarization;
lighter, perpendicular polarization; instrument response function shaded in gray; average lifetimes from the fits (solid lines) are indicated). Donor
decays are from the donor-only population, acceptor decays from the FRET population after direct acceptor excitation (see SI, Methods). (c) Time-
binned (0.2 ms) fluorescence traces of donor and acceptor emission without (gray) and with ZMW (green, red), from measurements with similar
average numbers of molecules in the observation volume (confocal, ∼0.2; ZMW, ∼0.24); average count rates per molecule (CRM, see SI, Methods)
are indicated. (d) Normalized correlation functions from picoseconds to milliseconds of the labeled peptide measured without (gray, 40 h acquisition
time) and with ZMW(color, 7 h acquisition time). Global fits with eq 5 (see SI,Methods) are shown as black solid lines. Insets showmagnified views of
the time range where distance dynamics dominate the correlations. The time scales of photon antibunching and translational diffusion with (colored,
black) and without ZMW (gray) are indicated as dashed vertical lines. (e) Transfer efficiency histograms (see SI, Methods, for corrections) observed
without (top) and with ZMW (bottom); black, measured; shaded, shot noise-limited photon distribution analysis.9 All measurements shown are in
50 mM sodium phosphate, 7.4 M urea, pH 7.4.
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enhancement of the fluorescence emission rates enables a
marked reduction in the data acquisition time required for a
quantitative analysis of rapid chain dynamics (Figure 2b), even
in mixtures of different proteins (SI, Figure S5). Instead of the
typical measurement times of 10 h or more, adequate statistics
can be achieved in tens of minutes (Figure 2a,b, SI, Figure S6).
The rapid distance fluctuations accessible with nsFCS

measurements in ZMWs enable a direct comparison with
molecular dynamics (MD) simulations to gain a detailed picture
of the underlying polypeptide chain reconfiguration. We thus
performed all-atom explicit-solvent MD simulations of the AGQ
peptide, including explicit donor and acceptor dyes,20,21 using a
force field and water model suitable for disordered proteins,
Amber99SBws/TIP4P2005s,22 and a previously optimized
parametrization of the fluorophores23 and urea24 (Figure 2e,
and SI, Video S1). Extensive sampling of peptide conformations
was ensured with 16 μs of total simulation time (SI, Figure S7).
To enable a direct comparison with the measurements rather
than with derived quantities, we simulated photon emission
based on the MD trajectories, using the fluorescence lifetimes,
excitation rates, and detector crosstalk corresponding to the
experiments, including the influence of the ZMWs on the
photophysics. In the simulation, the exact dye configuration is

known for every simulation frame, so both the distance- and the
orientation-dependence of Förster transfer can be taken into
account explicitly (see SI, Methods, for details).
The resulting fluorescence correlation functions (Figure 2c)

are in remarkable agreement with the experimental data (Figure
2b), suggesting a faithful representation of the peptide dynamics
in the simulations. In the absence of urea, the more rapid chain
relaxation is also reproduced accurately, but an additional slower
component points toward a slight overestimate of dye
interactions (SI, Figure S8). The agreement between the
average transfer efficiencies from simulations (0.80 ± 0.01
with urea, 0.92 ± 0.01 without urea) and experiments (0.82 ±
0.03 with urea, 0.94± 0.03 without urea) provides an additional
indication that MD simulations using current force fields with
appropriately balanced protein−water interactions22,25 can
provide a realistic picture of the dynamics and conformational
ensembles of disordered peptides and proteins.26−28 Moreover,
by comparing simulations of the AGQ peptide in urea with and
without fluorophores, we can infer that the end-to-end distance
correlation time of the unlabeled peptide is ∼30% lower than
that of the labeled one (see SI, Methods). This difference is not
unexpected given the size of the probes compared to this
relatively small peptide (the relative contribution will be less for

Figure 2. Probing the rapid dynamics of a disordered peptide with enhanced nsFCS. (a−c) Overlay of donor (green) and acceptor (red) fluorescence
autocorrelations and donor−acceptor cross-correlations (blue) from measurements of the disordered AGQ peptide in 7.4 M urea without ZMW (a)
and with ZMW (b) after 7 h of data acquisition (inset in (a) after 20 h and in (b) after 0.2 h of data acquisition) with 100 ps time binning, and
comparison with fluorescence correlation curves simulated based on all-atom molecular dynamics (MD) trajectories (c) using photophysical
parameters corresponding to measurements in ZMWs (black solid lines are fits with SI, eq 8,Methods, with resulting fluorescence intensity correlation
times, τcd, as indicated, with uncertainties estimated from three independentmeasurements; see SI, Figure S7, for uncertainties of τcd in (c)). (d) nsFCS
measurement with ZMW of the AGQ peptide without urea. The slight additional correlation decay visible for longer times is caused by contact
quenching between donor and acceptor. (e) Representative snapshots from MD simulations of the disordered G(AGQ)6AGC peptide with explicit
donor and acceptor dyes, Alexa Fluors 488 (green) and 594 (red) and various interdye distances. (f) Distance distributions, P(r), fromMD simulations
in 7.4M urea (gray histogram, complete distribution; blue histogram, emissive conformations excluding dye−dye contacts; example of a configuration
with stacked dyes shown to the left) with corresponding root-mean-square interdye distance, ⟨r2⟩1/2 (dashed vertical line).
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larger IDPs), but an accurate value cannot easily be inferred
from the experimental data alone.
In summary, nanophotonics-enhanced nsFCS provides new

opportunities for probing rapid biomolecular dynamics. The
extended range of accessible time scales in the low nanosecond
regime, together with the pronounced reduction in measure-
ment time, eliminate previous limitations of nsFCS. Themethod
will thus enable the investigation of peptides, disordered protein
regions, nucleic acids, and other biomolecules in a time range
that has so far been difficult to monitor, with much higher
throughput than previously possible and with less stringent
demands on long-term sample stability. The method is
complementary to the structural information and dynamics
available from techniques such as NMR,29,30 and we expect it to
be directly transferable to other single-molecule fluorescence
techniques, such as photoinduced electron transfer.31 Finally,
results from nanophotonics-enhanced nsFCS can provide
stringent benchmarks for the further optimization of molecular
dynamics force fields, and in synergy with the resulting
simulations, they will help to obtain an increasingly detailed
understanding of biomolecular dynamics over the full range of
relevant time scales.
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Materials and Methods 

ZMW fabrication and surface passivation. Zero-mode waveguide (ZMW) apertures (Figure S1) with a 

diameter of 120 nm were milled into 100 nm thick aluminum layer deposited on a glass coverslip with 

a focused ion beam (FEI Strata Dual Beam 235) as previously described1. Prior to the experiments, the 

ZMWs were rinsed with double-distilled water and absolute ethanol (≥ 99.7%) to remove dust. The 

ZMWs were further cleaned and activated by a 5-min air plasma exposure (FEMTO, Diener, driven at 

75%), immediately followed by incubation in 1 mg/mL silane-modified polyethylene glycol of 

molecular weight 1000 Da (PEG 1000 Lysane Bioc. Inc. USA) dissolved in absolute ethanol containing 

1% acetic acid for 12h at room temperature in N2 atmosphere. After incubation, the nanoapertures 

were washed with ethanol containing 1% Tween 20 to remove unadsorbed PEG-silane. After a final 

rinse with absolute ethanol and double distilled water, the structures were dried in a flow of air. 

Surface-passivated ZMWs were stored dry at room temperature. The agreement of the transfer 

efficiencies and relaxation times with and without ZMWs indicates the absence of pronounced 

perturbations owing to surface interactions in the nanoapertures. A quantitative assessment of the 

efficiency of surface passivation by PEG 1000 is shown in Figure S9. The diameter of 120 nm for the 

ZMWs was chosen based on a screen of the influence of ZMWs with different diameters (80 nm – 250 

nm) on the molecular brightness enhancement and fluorescence lifetime reduction of the Alexa Fluors 

488 and 594, where an optimum was observed at around 120 nm.2-3 Individual devices could typically 

be used for several days in contact with sample solution until noticeable corrosion of the aluminum 

layer was detected, which reduces the performance of the ZMWs.  

Protein preparation. The disordered AGQ peptide G(AGQ)6AGC was purchased from GL Biochem 

(Shanghai, China), purified, and labeled with Alexa Fluors 488 and 594 as previously described4. 

Single-molecule spectroscopy and data reduction. Single-molecule fluorescence experiments with 

and without ZMWs were performed on a four-channel MicroTime 200 confocal instrument 

(PicoQuant) equipped with an Olympus UplanApo 60x/1.20 W objective. Alexa488 was excited with a 

diode laser (LDH-D-C-485, PicoQuant) at an average power of 100 µW (measured at the back aperture 

of the objective). The laser was operated in continuous-wave mode for nsFCS experiments and in 

pulsed mode with interleaved acceptor excitation for fluorescence lifetime measurements5. The 

wavelength range used for acceptor excitation was selected with two band pass filters (z582/15 and 
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z580/23, Chroma) from the emission of a supercontinuum laser (EXW-12 SuperK Extreme, NKT 

Photonics) driven at 20 MHz (45 µW average laser power after the band pass filters), which also 

triggered interleaved pulses from the 488-nm diode laser. Sample fluorescence was collected by the 

microscope objective, separated from backscattered light with a triple band pass filter (r405/488/594, 

Chroma) and focused on a 100-µm pinhole. After the pinhole, fluorescence emission was separated 

into two channels, either with a polarizing beam splitter for fluorescence lifetime measurements, or 

with a 50/50 beam splitter for nsFCS measurements to avoid the effects of detector deadtimes and 

afterpulsing on the correlation functions6. Finally, the fluorescence photons were separated by 

wavelength into four channels by dichroic mirrors (585DCXR, Chroma), additionally filtered by 

bandpass filters (ET525/50M and HQ650/100, Chroma), and focused onto one of four single-photon 

avalanche detectors (SPCM-AQRH-14-TR, Excelitas). The arrival time of every detected photon was 

recorded with a HydraHarp 400 counting module (PicoQuant, Berlin, Germany). 

Single-molecule photon trajectories of freely diffusing FRET labeled molecules with and 

without ZMWs (concentrations of labeled molecules with ZMWs 100-310 nM, without 100-500 pM) 

were inspected for the absence of slow intensity variations, especially for measurements in ZMWs, 

which are sensitive to even slight drifts of the microscope stage. Selected trajectories were binned 

(0.2-ms bins with ZMWs, 1-ms bins without ZMW), and bursts of photons were identified with a 

threshold of 50 photons per time bin and contiguous identified bins combined into one burst. 

Corrected transfer efficiencies, �, and corrected fluorescence stoichiometry ratios, �, were then 

calculated according to7-8 

 
� =

���  −  � ��� −  � ���

���  −  � ��� −  � ��� + � ���
 (1) 

and 

 
� =

���  −  � ��� −  � ��� + � ���

���  −  � ��� −  � ��� + � ��� + ���� ���
, (2) 

where nDA and nDD are the uncorrected acceptor and donor detector counts after donor excitation, and 

nAA the uncorrected acceptor detector counts after direct acceptor excitation. � is the correction factor 

for spectral crosstalk, d  for acceptor direct excitation, γ for differences in quantum yields and detection 

efficiencies, and γPIE for differences in excitation rates. The corrections for spectral crosstalk and direct 

excitation were determined as previously described from the donor-only and acceptor-only 

populations of the measurements7-8. For determining γ and γPIE, at least two FRET populations are 

needed7-8. Therefore, we measured a second sample (prothymosin α, ProTα, labeled with Alexa Fluors 

488 and 594 at positions E56C and D110C9-10) with a mean transfer efficiency much lower than that of 

the AGQ peptide. As shown previously, these correction parameters can be influenced by the presence 

of a ZMW3, 11-12. Hence we determined corrections both with and without ZMWs.  Representative 2D 

histograms of FRET efficiency vs. stoichiometry ratio are shown in Figure S3. The E values from all 

identified bursts of each measurement were represented in a transfer efficiency histogram, and the 

subpopulation corresponding to the FRET-labeled species was fitted with a Gaussian peak function 

(see Figure S3) or analyzed by photon distribution analysis (PDA) taking into account the 

experimentally observed burst size distribution13-15 (Figure 1e, Figure S5). Comparison with PDA 

indicates that the widths of the peaks in the transfer efficiency histograms are close to the expected 

shot-noise limit, both for measurements without and with ZMWs (Figure 1e, Figure S5). The slightly 

more pronounced broadening beyond shot noise observed for nsFCS measurements performed 
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without ZMW (Figure 1e) is most likely caused by the relatively high concentration of labeled sample 

that is typically used in such measurements (~500 pM) to optimize the signal-to-noise ratio for nsFCS. 

Under these conditions, a separation of subpopulations is still possible, but some two-molecule events 

contribute to the signal. This effect also explains the larger number of bursts with an apparent transfer 

efficiency between the donor-only and the FRET-active population (Figure 1e).  

The differences between the corrected transfer efficiencies with and without ZMWs suggest a 

change in the distance dependence of the FRET efficiency, E(r), as observed previously3, 11-12. To 

estimate the required correction, we described the distance distributions, P(r), of ProTα and the AGQ 

peptide with the SAWν polymer model16 using the corrected mean transfer efficiencies from the 

measurements without ZMW according to17 

 
〈�〉 = � �(�)�(�)��,

�

�

 (3) 

where E(r) = ��
�/(��

� + ��)  and R0 = 5.4 nm.18 In the presence of urea, �� was corrected for the 

corresponding change in refractive index19. The resulting distance distributions were used to globally 

fit the distance dependence of the transfer efficiencies measured in the ZMW with Eq. 3, using �� as 

a shared fit parameter. The resulting dependence is empirically well described by �(�) = 1/(1 +

(�/��)�) with �� = 4.71 nm without urea and 4.56 nm in 7.4 M urea (Extended Data Table 1).   

Fluorescence correlation spectroscopy (FCS). Measurements were performed on freely diffusing Alexa 

488/595-labeled AGQ peptides in two different solution conditions, both with and without ZMWs. One 

set of measurements was performed in 50 mM sodium phosphate buffer pH 7.4 in the presence of 7.4 

M urea, and a second set in 50 mM sodium phosphate buffer pH 7.4 in the absence of urea (referred 

to as "with urea" and "without urea", respectively, in the text). Additionally, we included 140 mM β-

mercaptoethanol as a photoprotectant20 and 0.01% Tween 20 (Pierce) to minimize surface adhesion21. 

The concentration of labeled AGQ peptide was 500 pM and 310 nM for measurements without and 

with ZMWs, respectively. The sample chamber used for measurements without ZMWs was a plastic 

well (µ-slide, Ibidi GmbH) with a volume of 50 µL; a perfusion chamber with a volume of 40 µL was 

used for measurements with ZMWs (CoverWell, GRACE BIO-LABS). To prevent evaporation, sample 

chambers were sealed with adhesive tape (Scotch). Sample stability was ensured by monitoring the 

observed fluorescence intensity during the measurements and by comparing correlations obtained 

from different segments of the recorded data (see Figure S9c). 

The correlation between two time-dependent intensity signals ��(�) and ��(�) measured on 

two detectors � and � is defined as  

 
���(�) =

〈��(�)��(� + �) 〉

〈��(�)〉〈��(�)〉
− 1, (4) 

where the pointed brackets indicate averaging over �. In our experiments, we use two acceptor 

channels and two donor channels, resulting in the autocorrelations ���(�) and ���(�), and cross-

correlations ���(�) and ���(�). By correlating detector pairs, and not the signal from a detector with 

itself, contributions to the correlations from dead times and after-pulsing of the detectors are 

eliminated6, 22. Full FCS curves as shown with logarithmically spaced lag times ranging from 

nanoseconds to seconds (Figure 1d, S2) were fitted with4, 23 
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���(�) = ���  
(1 − ���

��
 ��|�|/���

��

 )(1 + ���
��

 ��|�|/��� )(1 + ��
��

 ��|�|/�� )(1 + ��
��

 ��|�|/��
��

 )

�1 +
|�|
��

� �1 +
|�|

�� ��
�

�/�
. 

 

(5) 

The four terms in the numerator with amplitudes cab, ccd, cQ, cT, and timescales ���, ���, ��, ��  describe 

photon antibunching, chain dynamics, quenching, and triplet blinking, respectively. �� is the 

translational diffusion time of the labeled molecules through the confocal volume; a point spread 

function (PSF) of 3-dimensional Gaussian shape is assumed, with a ratio of axial over lateral radii of s 

= ωz/ωxy (� = 5.3 without and � = 1.0 with ZMW; note that this PSF is not expected to be a good 

approximation for the confocal volume in the ZMWs but has been commonly used owing to a lack of 

suitable alternatives1, 24). Parameters without indices ij are treated as shared parameters in the global 

fits of the auto- and crosscorrelation functions. 

The amplitude ���  of the autocorrelations can be written as: 

 
��� =

1

��
�1 −

〈��〉

〈��〉
�

�

, (6) 

where ��  is the average number of labeled molecules present in the confocal volume, and 〈��〉 and 〈��〉 

are the time-averaged total intensity and the background intensity on summed over both donor 

detectors (� = �) or both acceptor detectors (� = �), respectively. (Note that we assume here 

approximately equal signals on both detector pairs.) From these quantities, we can calculate the 

average count rate per molecule25, ���� =  (〈��〉 − 〈��〉)/��. We obtained 〈��〉 and 〈��〉 from fitting 

photon counting histograms26 (PCH) with a time binning of 3 µs. 

 The signal-to-noise ratio (�/�) in FCS in the regime relevant for monitoring fast dynamics can 

be expressed as23, 25 

  
�

�

�
�

�
∝

�����∆� ����

�1 +
1
��

�
�   , (7) 

where  ∆� is the lag time bin width, ���� is the data acquisition time. Using Eq. 7, we found an (8 ± 2)-

fold S/N improvement in the presence of the ZMW for both donor and acceptor, where the uncertainty 

was estimated from the differences in background values and count rates per molecule obtained from 

analyzing photon counting histograms26 or FCS curves25.  

To study the fast dynamics in more detail, subpopulation-specific donor and acceptor 

fluorescence auto- and crosscorrelation curves were computed and analyzed over a linear range of lag 

times from � = −50 to +50 ns, as previously decribed27-28. For this analysis, we used only photons of 

bursts with E in the range of ± 0.2 of the mean transfer efficiency of the population of molecules 

double-labeled with active donor and acceptor fluorophores, which reduces the contribution of donor-

only and acceptor-only signal to the correlation. To aid their direct comparison, correlation curves 

were normalized to unity at � = 50 ns. After normalization and in the limit of |�| ≪ ��
��

 and |�| ≪ ��
��

, 

Eq. 5 reduces to: 

 
���(�) = ��� �1 − ��� �

�
|�|

��� � �1 + ��� �
�

|�|
��� � �1 + ��

��
 �

�
|�|
�� �, (8) 
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where ��� is the normalization constant. For the analysis of the data without urea, the quenching 

timescale was fixed to the value obtained by the analysis of the complete correlation curves 

(�� =220 ns, Figure S2). In the presence of urea, the correlation curves showed no signs of quenching, 

so the third term on the right-hand side of Eq. 2 could be set to unity. Fits to the data acquired without 

ZMWs are shown in Figure S4, and data acquired in ZMWs are shown in Figure 2. S/N for these 

correlations was calculated with �� = 100 ps (Eq. 7). 

To quantitatively asses the efficiency of surface passivation, we compared FCS curves in non-

passivated ZMWs with measurements acquired in PEG 1000-passivated ZMWs (Figure S9). To quantify 

the contribution of a slow-diffusion component indicating persistent surface interactions, the 

correlation curve was fitted with a two-species diffusion model1 (the triplet contribution was negligible 

in the donor-acceptor crosscorrelation employed for analysis): 

 
�(�) = �1 �1 +

|�|

���
�

��

�1 +
|�|

�� ���
�

��/�

+ �2 �1 +
|�|

���
�

��

�1 +
|�|

�� ���
�

��/� 

, (9) 

where �1 and �2 are the fractions of the diffusive species with diffusion times ��� and ��� through 

the observation volume. 

Fluorescence lifetime measurements and analysis. Data for fluorescence lifetime measurements with 

and without ZMWs were acquired in 50 mM sodium phosphate buffer pH 7.4 in the presence and urea 

absence of urea with the same additives as mentioned above and fluorescently labeled peptide at 

concentrations of 100 pM and 100 nM, respectively. The perpendicular, Is, and parallel, Ip, intensity 

decays of the polarization-resolved time-correlated single-photon counting (TCSPC) histograms were 

analyzed globally using a convolution of the instrument response function (IRF) and a model decay 

function (Eq. 10): 

 
��(�) = �1 − (1 − 3��) �� �

�
��
��

�
� � ���

�
��
��

�
+ ��

�

���

 

��(�) = �1 +  (2 − 3��) �� �
�

��
��

�
� � � ���

�
��
��

�
+ ��

�

���

 , 

 

 

(10) 

where r0 = 0.38 is the limiting anisotropy of the dyes29; L1 = 0.268 and L2 = 0.189 are correction factors 

accounting for the optical path and the high-numerical-aperture objective in the confocal setup30; G 

accounts for the different detection efficiencies of vertically and horizontally polarized light; and cp and 

cs are background values of the vertically and horizontally polarized emission, respectively. The 

rotational correlation times of the fluorophores, τr, for donor and acceptor dye, respectively, were 

each globally fitted using the TCSPC histograms measured with and without ZMWs. The summation 

terms in Eq. 9 describe the fluorescence lifetime decays, with αi and τi representing the amplitudes 

and relaxation times, respectively, of the individual lifetime decay components. To exclude the 

influence of the FRET process on the fluorescence lifetime of the donor, we analyzed TCSPC histograms 

from the donor-only subpopulation originating from molecules without active acceptor. The 

fluorescence lifetime decay of the acceptor was obtained from the FRET population after direct 

excitation of the acceptor. For the TCSPC histograms measured without ZMWs, single-exponential 

lifetime decays were found to be sufficient, whereas triple-exponential fits were used in the presence 

of ZMWs. In the case of multiexponential fits, the intensity-weighted average lifetime was used: 
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In the ZMWs, a very fast decay component (10 ps) was observed in the acceptor emission channel with 

polarization parallel to the acceptor excitation laser due to reflection of the excitation light from the 

metal film1. This component was included in the fit but excluded from the components contributing to 

the fluorescence lifetime. 

Molecular dynamics simulations. The initial all-atom configuration of the AGQ peptide with explicit 

Alexa 488 and Alexa 594 dyes was generated using CHARMM31 as described previously32. The structure 

was placed in a 7.5-nm truncated octahedral box, and the energy of the system was minimized with 

the steepest-descent algorithm. 1450 urea molecules were inserted into the simulation box (urea 

concentration: ~7.4 M) and the system was energy-minimized. Subsequently, the simulation box was 

filled with TIP4P2005s water33. 28 sodium and 23 chloride ions were added to the simulation box (ionic 

strength: ~128 mM) to match the ionic strength of the buffer used in the experiment and to keep the 

system electrostatically neutral. Subsequently, the system was again energy-minimized. The energy-

minimized structure was equilibrated in a 10-ps simulation run with the Berendsen barostat34 (τ = 5 

ps), followed by a 100-ns run with the Parrinello-Rahman barostat35 (τ = 5 ps). The final structure from 

this equilibration was used as a starting structure for 15 independent production simulations. All 

simulations were performed using GROMACS36 2020.3. Protein interactions were modeled using 

Amber99SBws33, with protein-dye and dye-dye interaction parameters32 as well as protein-urea, urea-

urea, and water-urea parameters37 as described previously. The temperature was kept constant at  

295.15 K using velocity rescaling38 (τ = 1 ps), and the pressure was kept at 1 bar. Long-range 

electrostatic interactions were modeled using the particle-mesh Ewald method39. Dispersion 

interactions and short-range repulsion were described by a Lennard-Jones potential with a cutoff at 1 

nm. H-bond lengths were constrained using the LINCS algorithm40. 

The length of 15 production simulations was between 0.96 µs and 1.21 µs, resulting in a total 

simulation time of 15.99 µs, with a timestep of 2 fs. The first 20 ns of each simulation were excluded 

from the analysis to remove the initial structure bias, leaving a total of 15.69 µs of simulation time for 

the analysis. System coordinates were saved every ∆=5 ps. Simulations without urea were performed 

almost identically to the simulations with urea, but in a slightly smaller simulation box (7.0 nm 

truncated octahedron) containing 25 sodium and 20 chloride ions (ionic strength: ~128 mM). 17 

independent production simulations were performed with a total length of 16.14 µs. The first 20 ns of 

each simulation were excluded from the analysis, leaving the total of 15.8 µs. Convergence of both 

sets of simulations was tested by analyzing the distance distribution of different parts of the total 

simulations as shown in Figure S7. To assess the influence of the fluorophores on peptide dynamics, 

simulations of unlabeled AGQ peptide with acetylated N-terminus in urea were performed analogously 

with a total simulation time of 10.2 µs. End-to-end distance relaxation times of the peptide with and 

without dyes were quantified based on single-exponential fits to the time correlations of the Cα-Cα 

distance between the terminal Cys and Gly residues, resulting in 10 ± 2 ns and 7 ± 2 ns, respectively. 

Transfer efficiencies and nsFCS from MD simulations. Transfer efficiencies were calculated from the 

molecular dynamics simulations performed with and without urea and with and without ZMW using 

the corresponding E(r) and the experimentally determined photophysical parameters. In a first step, 

the survival probability of the donor excited state with a fluctuating transfer rate, averaged over all 

possible time origins t0 along the simulation trajectory was calculated32, 41:  
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κ2 denotes the orientational factor for a specific relative orientation of donor and acceptor dye, and r 

the inter-dye distance. R0 is the Förster radius for κ2 = 2/3 and was chosen according to the presence 

or absence of urea and ZMW (Extended Data Table 2). κ2 and r were calculated from the MD trajectory 

using simulation snapshots spaced by 5 ps. �� was obtained from lifetime measurements of the donor-

only population with and without ZMW (Figure 1b, Table 1). The dyes were treated as non-emissive 

when the distance between any two atoms of donor and acceptor was less than 0.4 nm, corresponding 

to van-der-Waals contact.42-43 In addition, a very small fraction of frames (< 0.06 %) in which the 

peptide interacted with itself across the periodic image was omitted from the analysis. The average 

FRET efficiency, 〈�〉, from the simulations was calculated by integration over ��∗(�): 32, 41  

 
〈�〉 =  1 − �� � ��∗(�)��

����

�

, (14) 

where ���� = 20 ns represents the time after excitation by which ��∗(�) is essentially zero32. A 

comparison of calculated and measured transfer efficiencies with experimentally determined 

parameters used for the calculation is shown in Extended Data Table 1.  

Fluorescence intensity correlations were obtained from all-atom simulations by simulating 

photon emission based on the individual MD trajectories following the approach previously 

described44. In brief, a rate matrix (K) describes the transitions between the four states of the 

underlying photophysical model of the FRET-labeled system45-47: donor and acceptor in the electronic 

ground state (DA), donor excited/acceptor in the ground state (D*A), donor in the ground 

state/acceptor excited (DA*) and both donor and acceptor excited (D*A*). For low excitation rates, 

the population of D*A* is negligible47, but in view of the high excitation rates in ZMWs48-49, we explicitly 

accounted for D*A*, which can be populated via DA*→D*A* and D*A→D*A* with the rate coefficients 

���� and ����. D*A* is depopulated by singlet-singlet annihilation (SSA) with a rate coefficient ����(t) 

similar in magnitude to that of the regular FRET process47. The evolution of the populations of these 

four states (DA, D*A, DA*, D*A*) with time, p(t), is given by the rate equation dp/dt = K(t) p(t), with 

the time-dependent rate matrix47 

 

�(�) = �

−���� − ���� �� �� 0
���� −�� − ���� − ��(�) 0 ��

���� ��(�) −�� − ���� �� + ��(�) �
0 ���� ���� −�� − �� − ��(�) �

�, 

 

(15) 

where � = ����/��(�)= 0.95; kexD = 0.02/ns · � and kexA = d kexD are the excitation rates6; kD = 1/〈��〉 

and kA = 1/〈��〉 are the fluorescence decay rate coefficients for the acceptor and the donor in the 

absence of energy transfer, respectively. The acceptor direct excitation coefficient, d, and the mean 

fluorescence lifetimes of the donor, 〈��〉, and the acceptor, 〈��〉, are experimentally determined 

values, and kF(t) is given by Eq. 13, with ��(�) and �(�) obtained from the MD simulations using a 

snapshot every ∆=5 ps. A gain in excitation rate of � = 3.7 was estimated from49 
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Starting from the ground state (DA) at time t = 0, we repeatedly propagate through all snapshots of 

the MD simulation and emulate random transitions according to transition probabilities calculated 

using  � + �(�)∆, where � is the identity matrix. For radiative transitions, photons are emitted. D*A→ 

DA and D*A*→ DA* transitions are accompanied by the emission of a donor photon; and DA*→ DA 

by an acceptor photon. Upon the transition D*A*→ D*A, an acceptor photon is emitted with 

probability 
��

�����(�)�
 because SSA is nonradiative. The quantum yields of the dyes have no effect on 

the resulting FCS curves and are set to one for simplicity. The dyes were treated as non-emissive when 

the distance between any two atoms of donor and acceptor was less than 0.4 nm, corresponding to 

van-der-Waals contact.42-43 8.8 % of the donor photons were randomly recorded as acceptor photons 

to mimic the influence of cross-talk between the detection channels. The propagation trough the MD 

simulation trajectory was repeated ~15,000 times to reach a total number of simulated photons similar 

to the number of measured photons used for calculating the correlations from the experiment. 

Fluorescence intensity correlations from simulations with and without urea were computed from the 

individual simulation runs; the resulting individual correlation curves thus obtained were weighted 

according the trajectory length, averaged, and fitted with Eq. 8 (Figures 2, S7, S8), in the same way as 

the experimental correlation curves. 
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Figure S1. Scanning electron microscopy micrograph of zero mode waveguides. 

 

 

Scanning electron microscopy micrograph of zero mode waveguides (a) with zoom of a nanoaperture 

(b) in top view, with diameter indicated. The structures were produced by focused ion-beam milling in 

a 100-nm thick aluminum layer deposited on a glass cover slide.  
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Figure S2. Comparison of complete correlation curves of the labeled AGQ peptide with and without 

urea from picoseconds to milliseconds. 

 

 

Donor and acceptor autocorrelations (with ZMW: green, red; without ZMW: gray) and donor-acceptor 

crosscorrelations (with ZMW: blue; without ZMW: gray) for the AGQ peptide measured with 7.4 M 

urea (a) and without urea (b). The fits with Eq. 5 (global fit, see Methods) are shown as black solid lines. 

Timescales for translational diffusion (��), triplet blinking (��), dye-dye quenching (��), 

conformational dynamics (���), and photon antibunching (���) are indicated in the figure. The shape 

factor � = ωz/ωxy was treated as a shared parameter for the measurements with ZMW (s = 1.0) and 

without ZMW (s = 5.3), respectively. Diffusion times were obtained by globally analyzing the 

autocorrelations and the crosscorrelation from each measurement. �� (b) and ��� were treated as a 

shared parameter for the individual measurements. Note that in measurements without urea and 

without ZMW, no conformational dynamics could be detected due to the pronounced overlap with 

the antibunching timescale. 
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Figure S3. Comparison of transfer efficiencies measured with and without ZMWs and calibration for 

quantitative FRET. 

 

 

2D histograms of stoichiometry ratio (S) versus transfer efficiency (E) with ZMW (a,b) or without (c,d), 

recorded either with (a,c) or without urea (b,d) using a mixture of the AGQ peptide and ProTα9 labeled 

with Alexa 488 and 594 (without ZMW: 50 pM each; with ZMW: 50 nM each). The FRET population at 

low E corresponds to ProTα, the population at high E to the AGQ peptide. The black ellipses indicate 

2D Gaussian fits. Gray histograms show all observed fluorescently labeled molecules, including donor-

only- (S ≈ 1) and acceptor-only-labeled molecules (S ≈ 0) as well as acceptor/donor-labeled molecules 

(S ≈ 0.5). Orange histograms show E (top) and S (side) of the FRET-active populations identified with a 

threshold of 50 photons per time bin and selected with 0.2 < S < 0.8. Correction factors for E and S 

were determined based on these measurements7, 50 (see Methods).   
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Figure S4 Subpopulation-specific nsFCS of the AGQ peptide measured without ZMW. 

 

 

Overlay of donor (green) and acceptor (red) autocorrelations and donor-acceptor crosscorrelations 

(blue) for the AGQ peptide measured with 7.4 M urea (a) and without urea (b) with a linear binning of 

500 ps. The fits (Eq. 8, see Methods) are shown as solid lines and require ���, the relaxation time due 

to conformational dynamics, to be identical in all three correlations28. a, Correlation curves in the 

presence of urea show the signature of distance dynamics, with a positive amplitude in the donor 

autocorrelation and a negative amplitude in the acceptor-donor crosscorrelation, which is a 

prerequisite for unequivocally assigning this correlation signal to conformational dynamics17. The 

positive correlation in the acceptor autocorrelation, however, is undetectable owing to the overlap 

with the photon antibunching peak, illustrating the challenge of measuring dynamics with a timescale 

close to the fluorescence lifetimes of the dyes. ��� is indicated as a red dotted line. (b) Correlation 

curves of the AGQ peptide measured without urea show no detectable contributions from 

conformational dynamics in the acceptor autocorrelation and in the acceptor-donor crosscorrelation 

owing to the overlap with the photon antibunching peak. The donor autocorrelation shows a positive 

amplitude with a decay time of ~5 ns. The pronounced noise in the donor autocorrelation is due to the 

high transfer efficiency (0.94) and correspondingly low donor photon detection rate. The fast dynamics 

observed without urea (4.2 ns) could only be resolved unequivocally with measurements in ZMWs, 

where the fluorescence lifetimes are reduced and the signal-to-noise ratio is increased (Figures 2d, S8). 

Note that in measurements without urea (b), the quenching from dye-dye stacking is detectable as an 

additional decay component on a timescale of ~220 ns in all three correlations. The asymmetry in the 

crosscorrelation functions is a consequence of the photophysics of the FRET process47 (see Methods).  
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Figure S5. Subpopulation-specific nsFCS acquired from a mixture of AGQ peptide and ProTα 

measured with ZMW. 

 

 

Subpopulation-specific nsFCS curves with a linear binning of 500 ps (a) and corresponding transfer 

efficiency histogram (b) from an 8-hour measurement in a ZMW using a mixture of the labeled AGQ 

peptide (orange) and ProTα9 (purple) labeled with Alexa 488 and 594 at concentrations of 50 nM 

each, measured in 50 mM sodium phosphate, pH 7.4. (a) The fits (Eq. 8, see Methods) to the 

correlation data are shown as solid lines with the respective relaxation times, ���, indicated.    
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Figure S6. ZMWs enable rapid data acquisition with nsFCS. 

 

 

Comparison of donor autocorrelations (green), acceptor autocorrelations (red), and donor-acceptor 

crosscorrelations (blue) with a time binning of 100 ps for 0.2 h, 2.0 h, and 20 h of data acquisition (20 h 

only without ZMW), with resulting correlation times corresponding to conformational dynamics (���) 

and standard error from the global fit of all three correlations indicated in each column. Note the 

pronounced difference in noise between measurements with and without ZMW, especially for short 

acquisition times; as a result, ��� obtained with ZMW is reliable already after ~0.2 h of data acquisition 

time, whereas ��� obtained without ZMW is similarly reliable only after ~10-20 h. Correspondingly, the 

0.2-h measurement with ZMW and the 20-h measurement without ZMW show comparable quality. 

Note the agreement of ��� between measurements with and without ZMW, respectively, indicates 

that the presence of the nanostructure does not alter the peptide dynamics.  
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Figure S7. Convergence of all-atom MD simulations. 

 

 

Concatenated time trajectories of the inter-dye distance, r, from 15 (a) or 17 (b) all-atom MD 

simulations (0.96 to 1.21 μs each) of the AGQ peptide with urea (a) and without urea (d). Gray-shaded 

areas indicate configurations where any two atoms of donor and acceptor dye are closer than 0.4 nm; 

these configurations were treated as non-emissive for the calculation of transfer efficiencies and 

intensity correlation curves (b,e), since they are expected to lead to dye-dye quenching42-43, 51 (see 

Methods). Distance distributions of all (gray) and emissive configurations only (blue) are shown to the 

right of (a) and (d). The parts of the simulations color-coded in brown, orange, and yellow, respectively, 

were used for block averaging to assess convergence. (b) Fluorescence intensity correlations of the 

different blocks with urea (b) and without urea (d). Black solid lines show fits with Eq. 8 (see Methods); 

the resulting correlation times caused by distance dynamics, ���, are indicated in each panel, leading 

to averages ± standard deviations of (9 ± 2) ns and (4 ± 2) ns for the simulations with and without urea, 

respectively. (c) Distance distributions (color code according to trajectory segments in (a) and (d)) of 

emissive conformations with urea (c) and without urea (f). Blue histograms are averages over the 

entire sets of simulations.  
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Figure S8. Comparison of nsFCS measured in ZMWs and from all-atom MD simulations without urea. 

 

 

Direct comparison of measured (a) and simulated (b) correlation curves of the AGQ peptide measured 

without urea with global fits (solid black lines) (Eq. 8, see Methods) and resulting correlation times 

reporting on chain dynamics, ���. The experimental error (a) is estimated from the standard deviation 

of 3 independent measurements; simulation errors are estimated analogously from block averaging 

using three simulation blocks of ~5 µs each (Figure S7). For the simulation of the correlation curves 

from the MD trajectories, conformations where any two atoms of donor and acceptor dye were within 

less than 0.4 nm were considered non-emissive owing to dye-dye quenching42-43, 51 (Figure S7). Note 

that the additional slower decay component is more pronounced in the simulations than in the 

measurements, as reflected especially by the decay of the donor autocorrelation above ~10 ns, 

implying that dye interactions that slow down the dynamics are slightly overestimated in the force 

field. However, the value of ��� in the 4-ns range can still be identified owing to the separation of 

timescales. 
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Figure S9. Surface passivation and sample stability in ZMWs. 

 

 

Fluorescence time traces of all detected photons (0.2-ms binning) (a) and correlation curves (b) of 

the labeled AGQ peptide measured in a non-passivated (gray) and a PEG-1000-passivated (blue) 

ZMW. The correlation curves were globally analyzed with a two-species model (Eq. 9, see Methods) 

to assess the relative amplitudes of the slow and fast diffusion components1. Without passivation, 

the relative amplitude of the slow diffusion component due to persistent surface interactions of the 

labeled AGQ peptide with the ZMW contributes 24 % to the correlation curve, whereas in the PEG-

1000-passivated ZMW, no slow component could be detected. (c) Five 4-hour segments of donor 

(green) and acceptor (red) autocorrelations and donor-acceptor crosscorrelations (blue) for the AGQ 

peptide measured with 7.4 M urea with a linear binning of 100 ps. Fits (Eq. 8, see Methods) are 

shown as solid lines with the respective relaxation time, ���, indicated.  
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Table S1. Parameters used to calculate transfer efficiencies from all-atom MD simulations (R0: Förster 

radius; τD: donor fluorescence lifetime in the absence of acceptor) and comparison of experimental 

(exp.) and simulated (sim.) average transfer efficiencies, 〈�〉. 

 with ZMW 
(urea) 

with ZMW (no urea) without ZMW 
(urea) 

without ZMW (no urea) 

R0 (nm) 4.56  4.71  5.24 5.40 
�� (ns) 2.24 ± 0.02 2.31 ± 0.02 3.77 ± 0.02 3.85 ± 0.02 
〈�〉 (exp.) 0.73 ± 0.03 0.88 ± 0.03 0.82 ± 0.03 0.94 ± 0.03 
〈�〉 (sim.) 0.70 ± 0.01 0.86 ± 0.01 0.80 ± 0.01 0.92 ± 0.01 
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