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ABSTRACT

Recently, the implementation of plasmonic nanoantennas has opened new possibilities to
investigate the nanoscale dynamics of individual biomolecules in living cells. However, studies
so far have been restricted to single molecular species as the narrow wavelength resonance of
gold-based nanostructures precludes the simultaneous interrogation of different fluorescently
labeled molecules. Here we exploited broadband aluminum-based nanoantennas carved at the
apex of near-field probes to resolve nanoscale-dynamic molecular interactions on living cell
membranes. Through multicolor excitation, we simultaneously recorded fluorescence
fluctuations of dual-color labeled transmembrane receptors known to form nanoclusters.
Fluorescence cross-correlation studies revealed transient interactions between individual
receptors in regions of ~60 nm. Moreover, the high signal-to-background ratio provided by the
antenna illumination allowed us to directly detect fluorescent bursts arising from the passage
of individual receptors underneath the antenna. Remarkably, by reducing the illumination
volume below the characteristic receptor nanocluster sizes, we resolved molecular diffusion
within nanoclusters and distinguished it from nanocluster diffusion. Spatiotemporal
characterization of transient interactions between molecules is crucial to understand how they
communicate with each other to regulate cell function. Our work demonstrates the potential of
broadband photonic antennas to study multi-molecular events and interactions in living cell

membranes with unprecedented spatiotemporal resolution.

KEYWORDS

Bowtie nanoaperture antennas, Photonic antennas, Fluorescence cross-correlation
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nanoclustering.
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In recent years, the compartmentalization of biomolecules in space and time has emerged as a
primary mechanism that regulates cellular function' At the plasma membrane level,
extensive research has demonstrated that multiple molecules, such as proteins and lipids,
interact in a dynamic fashion creating transient nanoscale compartments of functional activity!s-
191 Such findings were revealed owing to the recent development of different optical techniques
aimed at improving both spatial and temporal resolution beyond that of conventional
diffraction-limited optical methods!!®!3l, Yet, monitoring dynamic multi-molecular

interactions in living cells at the nanoscale remains challenging.

With the advancement of single-molecule and super-resolution approaches, multiple techniques
have been implemented aiming to reduce the illumination volume set by diffraction, thus
enabling single-molecule dynamic studies at high labeling conditions in living cells on the
nanoscale. For instance, stimulated emission depletion microscopy (STED)!! and metallic
nanoapertures! 1%l reduce the illumination area down to 50-200 nm in diameter. However, in
the case of STED, both the high laser powers required and the increased photobleaching
constitute significant drawbacks for its routine application in living cells!?’l. Moreover,
although dual-color STED is nowadays widely used for super-resolution imaging in fixed
cells?! its extension to living cells for multi-molecular dynamic studies using fluorescence
cross-correlation spectroscopy (FCCS) remains highly challenging. In the case of
subwavelength apertures, there is a compromise between volume confinement and light
throughput since the effective power density decays as the fourth power of the aperture size.
This severely limits their practical use in nanoscale studies, since aperture dimensions must be
kept around 150-200 nm to provide sufficient excitation power. Nanoapertures and zero-mode
waveguides (ZMW) have been used to perform simultaneous two-color FCCS in solution!??!,
on supported lipid bilayers!'¥! and live cells!'®]. However, they suffer from the same throughput

drawbacks as the single-color approaches.

Photonic antennas take advantage of electromagnetic resonances to enhance the optical field at
nanometric dimensions?¥], reducing the observation volume to a few zeptoliters and thus
enabling the detection of single molecules in highly concentrated solutions!?*->*1. These exciting
results have prompted the search for different antenna nanofabrication strategies and geometries
for nanoscale studies under biologically-relevant scenarios®=!l. For instance, using
nanoantenna arrays, we have been able to follow lipid diffusion in both model membranes and

32-34]

living cells! Importantly, such measurements proved the existence of transient
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nanodomains in the membrane of living cells as small as 10 nm in size*?, demonstrating the
great potential of photonic antennas to measure molecular diffusion and unravel nanoscale

heterogeneities in intact living cell membranes.

Nevertheless, despite their advantages, several challenges still limit the broad application of
these devices for biological membrane studies. Because of the strong field gradients of the
antenna near-field, the antenna needs to be positioned close to the fluorescence molecules
(~10nm) such that the largest enhancement and spatial confinement are reached. This is
commonly achieved by preparing lipid bilayers or seeding the cells on top of the antenna
substrate, requiring careful sample preparation to minimize unwanted interactions between the
sample and the underlying substrate that can potentially affect the diffusion of the molecules.
In addition, most antenna designs are only resonant in a narrow wavelength range, restricting
experiments to a single color. Here, we address these two limitations by implementing self-
standing broadband photonic antennas fabricated at the apex of near-field scanning probes. We
show that, by maintaining the antenna stationary within 10 nm above intact living cell
membranes, lipid diffusion can be recorded on regions of ~50 nm in size. We further
demonstrate the capability of broadband antennas for FCCS at the nanoscale on living cells.
Using this approach, we resolve receptor interactions within nanoclusters and, importantly,
discriminate molecular diffusion within nanoclusters from nanocluster diffusion in the plasma

membrane of living cells.
RESULTS AND DISCUSSION

In our experiments, photonic antennas were fabricated at the apex of tapered near-field probes
and we relied on a near-field scanning optical microscope (NSOM) for 3D positioning control
of the antenna over the living cell membrane (Figure 1A). Laser light (A = 488 nm and/or A =
633 nm) was coupled to the back end of the near-field probe and guided toward the antenna.
The near-field light exiting the antenna excited the sample that was maintained stationary with
respect to the antenna. Fluorescence intensity fluctuations arising from the passage of molecules
diffusing through the antenna illumination volume were collected using a high-NA objective
(NA=1.3), filtered out from the excitation light, and sent to two single-photon counting
avalanche photodiodes (APD) arranged for dual color spectral detection. Two photon-counting
units were used to record the fluorescent photon arrival times, which were then processed by a
software correlator®>. For antenna design, we chose bowtie nanoaperture antennas (BNAs)

carved on aluminum-coated optical fibers using a focused ion beam (FIB)?*¢l. Our fabrication

4 of 24



approach allows for extreme reproducibility of BNA probes, with a gap between the metallic
arms of ~50 nm!*%), Moreover, BNAs provide optical throughputs of ~10-3, three orders of

magnitude larger than circular nanoaperture probes of similar dimensions!*¢].

For accurate position control of the antenna over the cell surface, we relied on a shear-force
feedback loop based on a laterally oscillating tuning fork (resonant at 32 kHz, oscillation
amplitude at the tip end < 1nm) that is encapsulated in a small glass tube. This method enables
routine operation under liquid conditions with high sensitivity and minimal perturbation to the
samplelP73%1 (see also Materials and Methods for more details). The feedback loop maintained
the antenna-sample distance at ~10 nm with an error of 1 nm under liquid conditions (Figure
S1). This approach has two advantages as compared to antennas fabricated on substrates. First,
because of the controlled distance separation, it minimizes unwanted sticky interactions
between the antenna and the membrane that might alter the diffusion of molecules®*”-*¥, Second,
diffusing fluorescent molecules experience the same degree of near-field enhancement and
confinement by the antenna, as opposed to antenna substrates in which distance variations might
occur due to sample preparation imperfections and/or axial membrane fluctuations. Indeed, we
occasionally observed axial membrane movements as high as 25 nm over 10 s (Figure S1) that
our feedback loop was able to track and compensate for with an accuracy of 1 nm. This shows
that our overall approach maintains a constant axial distance between the membrane and the

antenna despite potential membrane fluctuations during the measurements.
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Figure 1: Operation and assessment of the optical performance of a photonic antenna
probe to measure molecular diffusion on living cell membranes. (A) Schematics of the
experimental setup. The BNA is engineered at the apex of an NSOM probe whose 3D position
with respect to the sample is controlled with nanometer precision. The antenna is kept stationary
with respect to the cell membrane and illuminates a nanoscopic area. Fluorescence fluctuations
from diffusing molecules are collected via the objective and sent to detectors for multicolor
detection. The top inset shows a representative SEM image of a BNA probe (scale bar: 100
nm). The bottom inset displays, as an example, a dual-color confocal image of a living CHO
cell attached to the substrate, with surface receptors labeled with two different fluorophores
(scale bar: 5 um). (B) FDTD simulations of the total electric field at A = 488 nm (upper panel
set) and A = 633 nm (lower panel set) excitation together with the experimentally obtained
fluorescence intensity maps from two spectrally different 20 nm beads excited by a BNA under
the two main orthogonal excitations. For both wavelengths, the field is maximally confined and
enhanced for excitation polarization transversal to the BNA gap. Scale bar: 100 nm (C)
Experimentally measured fluorescence intensity from 20 nm beads excited by a 50 nm gap
BNA antenna probe as a function of the axial probe-sample distance under different wavelength
excitations and for a polarization transversal to the BNA. The solid lines represent the mean,

and the shadowed areas correspond to the standard deviation from multiple retraction curves.

To assess the spectral response of the BNAs, we performed FDTD simulations for different

antenna gap sizes. Consistent with our earlier simulations®®4°l, the response of the BNA is
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broadband over the whole range of the visible spectrum regardless of the gap size (Figure S2),
showing its potential for multicolor excitation with comparable enhancement and confinement,

opening the possibility for FCCS experiments at the nanoscale.

We further performed FDTD simulations to determine the (x,)) near-field intensity distributions
of the BNAs for different wavelength excitations and optical fields transversally or
longitudinally polarized with respect to the BNA gap (Figure 1B). The simulations assume a
BNA size of 300x300 nm? and a gap size of 30 nm. For both ends of the visible spectrum (A =
488 and A = 633 nm), the field is highly confined and enhanced in the gap region of the BNA
for a transversally polarized optical field (Figure 1B). However, for longitudinally polarized
excitation and regardless of the wavelength used, the resonance is lost, and the field spatially
delocalizes away from the gap (Figure 1B). To experimentally validate the simulations, we
imaged 20 nm beads embedded in a thin polymer layer using a 50 nm gap BNA probe for the
two excitation polarizations and wavelengths. In agreement with our simulations, (x,))
fluorescence distributions obtained from individual beads showed a larger enhancement and
confinement for transversally polarized excitation regardless of the wavelength used (Figure
1B), confirming the broadband resonant character of the BNA. In addition, the field
enhancement at both excitation wavelengths is directly estimated by calculating the ratio of the
field detected for transversal and longitudinal polarizations, resulting in a 3.3-fold increase for
A =633 nm and a 1.7-fold increase for A = 488 nm. This larger enhancement measured at A =
633 nm agrees well with the expected spectral response of our BNA, which is about two-fold

higher at A = 633 nm as compared to A = 488 nm (see Figure S2, for a 50 nm gap).

To evaluate the degree of confinement of the electric field in the axial direction for the two
excitation wavelengths, the fluorescent intensity of individual beads vs. the antenna-sample
axial distance was recorded (Figure 1C and Figure S3). A single exponential fitting of the
transversely excited BNA (Figure 1C) yields an axial field penetration (1/e) of (66.6 + 0.6) nm
at A =633 nm and (72.0 £ 1.0) nm at A =488 nm. Notably, the standard deviation obtained from
multiple approach-retraction experiments is very small, demonstrating the accurate axial
control of the antenna position. Furthermore, taking the experimentally obtained confinement
dimensions, we estimate the excitation volume of the BNA probe to be ~5-10° nm?, more than
two orders of magnitude smaller than the typical confocal volume. Overall, these results
confirm the broadband response and nanoscale confinement of BNAs, highlighting their

suitability for nanoscale multicolor experiments.
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To first demonstrate the feasibility of BNA probes to study the lateral mobility components in
the membrane of living cells, we used Atto647N conjugated phosphoethanolamine (PE) lipids
[16.191 ' CHO cells were allowed to spontaneously adhere to a glass coverslip for 48 hours and
fluorescent PE lipids were incorporated into the cell membrane (100-300 nM PE/BSA). Since
the observation area of the BNA probe is well-below that of confocal, higher labeling
concentrations can be used!!®!°! (in our case, this corresponds to two orders of magnitude higher
as compared to confocal). This increased labeling concentration results in higher occurrence of
individual bursts per single fluorescence trace allowing for larger statistics. Fluorescence
fluctuations from diffusing PE lipids were recorded using a BNA probe with a nominally gap
size of 50 nm, excited at A = 633 nm. For longitudinal BNA excitation, intensity bursts below
100 kHz (background ~30 kHz) were typically recorded (Figure 2A). In strong contrast, for
transversal BNA excitation, intensity bursts of up to 600 kHz were detected (Figure 2B).
Moreover, burst durations, i.e., passage time of the lipids through the antenna illumination area,
were much shorter for transversal polarized excitation as compared to longitudinal. These two

effects (increased fluorescence and shorter burst duration) confirm the polarization-dependent

enhancement and spatial confinement provided by BNAs directly measured on living cells.

Fluorescence time traces of at least 5 seconds in length were autocorrelated for different
experiments using G(7) = (F(t) - F(t + 7))/{F(t))?, where 7 is the delay (lag) time and ()
indicates time averaging. Multiple autocorrelation functions (ACFs) were averaged and
normalized for each excitation condition, i.e., confocal and the two BNA excitations (Figure
2C). A clear shift of the ACF curves towards shorter time lags was obtained when going from
confocal to BNA transversal excitation. Since PE diffuses randomly within the membranel!®-321,
the shortening in the diffusion times obtained upon BNA transversal excitation results from the

reduced illumination area provided by the antenna gap.

To statistically confirm these results, we generated ACF curves from individual fluorescence
traces. To account for the non-Gaussian illumination shape of the BNA, we determined the
amplitude of the ACFs at G(0) by fitting the curves to a modified 2D correlation function that
assumes a step function observation profilel!**!! (see also Materials and Methods). In addition,
we determined the diffusion time as the time at which the normalized ACF decays to half of its
amplitude, 7,/, (Figure 2C). G(0) inversely scales with the apparent number of fluorescing

molecules in the illumination area N, while 7/, reports on the characteristic diffusion time of

the lipids through the illumination areal'®'”l. The distributions of N and 7,1/, values over
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multiple ACFs are shown in Figure 2D. For a longitudinally excited BNA, the mean number of
PE lipids and average transit time are N = 8.5 + 1.8 and 7, ,, = (12 + 3) ms, respectively. For
transversal BNA excitation, the PE diffusion times become much shorter, with a mean average
of 71/, = (1.8 £ 0.5) ms (Figure 2D). Moreover, for randomly diffusing molecules such as
PE!®321 a reduction in the illumination area should scale linearly with a reduction in the number
of molecules, N, as is indeed observed. Using the measured transit times we estimate a 12/1.8
= 6.7-fold reduction in the number of molecules. Nevertheless, the average number of
molecules obtained for transversal excitation is N = 4+2 (Figure 2D), i.e., showing a reduction
of only 2.1-fold with respect to longitudinal excitation. This apparent discrepancy can be well
understood by the fact that, for transversal BNA excitation, the antenna is resonant, and the
field is enhanced, leading to higher intensity emission from the fluorophores and, thus, an
effective higher N. The field enhancement can thus be directly estimated from the ratio between
the expected reduction of N and the experimentally obtained values, yielding a 6.7/2.1 = 3.2-
fold fluorescence enhancement. This value agrees excellently with the 3.3-fold enhancement
obtained from measuring beads (Figure 1B), demonstrating that the antenna performance is

fully maintained even in complex environments such as living cell membranes.
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Figure 2. Single lipid mobility in living cell membranes at the nanometer scale recorded
with a BNA probe. (A, B) Representative fluorescence time traces (1 ms bin) of Atto647N-
conjugated PE diffusing in a living cell membrane for the two orthogonal excitation polarization
conditions (shown in the insets) of the BNA at A = 633 nm. Both traces were recorded at the
same membrane position. The insets display 200 ms zoom-ins of different representative bursts
with a 50 ps bin. Note that the overall constant background in both fluorescence time traces
further indicates the fixed distance separation between the antenna and the cell membrane
maintained by the feedback loop. This background largely originates from residual broadband
luminescence of the optical fiber containing the BNA, as earlier reported**]. (C) Normalized
ACFs curves of PE-Atto647N diffusing on the cell membrane under confocal (black squares),
longitudinally excited BNA (blue triangles), and transversally excited BNA gap (magenta
circles) illumination. The dashed lines correspond to the 74, values. The scalebar on the inset
showing a SEM image of the BNA is 100nm; the gap size of the BNA is 50 nm. (D)
Distributions of the apparent number of molecules N and characteristic diffusion times obtained
from individual trace, (E) 2D plot together with population distributions of burst duration vs.
burst brightness (average background corrected) directly extracted from multiple fluorescence
traces for longitudinal (blue, over 1488 bursts) and transversal (magenta, over 3643 bursts)
excitation to the BNA gap.
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The large signal-to-background ratio afforded by BNA antennas allowed us to additionally
perform burst analysis!*>#? over multiple fluorescence trajectories. Here, individual bursts
likely correspond to the passage of single PE lipids transiting within the BNA illumination area.
We determined each burst's duration, i.e., transit time and background-subtracted intensity. Two
discrete populations with different burst durations and intensities were unambiguously
recovered for the two polarization excitation modes of the BNA (Figure 2E). Furthermore, a
clear correlation between both parameters was obtained: shorter and brighter bursts for
transversal BNA excitation, signatures of higher field confinement, and enhancement. Indeed,
a ~30-fold shortening of the burst duration was obtained for transversal (102 - 10! ms, peak at
0.7 ms) vs. longitudinal (10! - 10> ms, peak at 20 ms) BNA excitations (Figure 2E). The peak
values of the histograms are within the range of the 7, /2 values derived from the ACFs (Figure
2D), although the latter corresponds to average diffusion times over individual trajectories,
whereas the burst duration histograms reveal the entire distribution of individually diffusing
lipids. Furthermore, the effective confinement area provided by the BNA gap can be calculated
directly from the recovered transient times, considering the reported diffusion coefficient of PE
(0.5 um?/s)1611. We obtain a confinement diameter (assuming a circular illumination profile)
between 42 nm (taking 0.7 ms from the burst analysis) and 68 nm (taking 1.8 ms as derived
from the ACF curves), which is within the range of the 50 nm gap size as measured by SEM.
Finally, the burst brightness provided a direct measure of the increased excitation intensity
given by the BNA. The background corrected burst intensity increased by 11-fold, from 100
kHz to 1100 kHz maximum value (Figure 2E), upon changing the BNA excitation from

364344 In summary, these results

longitudinal to transversal, similar to earlier reports!
demonstrate the well-maintained optical performance of photonic antennas for studies in living

cell membranes.

We further explored the potential of our broadband antennas for multi-color fluorescence
autocorrelation spectroscopy (FCS) and FCCS studies at the nanoscale in living cells. Here, we
focused on the transmembrane receptor DC-SIGN, a pathogen recognition receptor that forms
nanoclusters ranging from 100-400 nm on both dendritic and CHO cells**-%, DC-SIGN
nanoclustering has been reported to play a key role in the capture of a large variety of
nanometric-sized viruses 648491 Although DC-SIGN nanoclustering has been studied using a
broad range of techniques, including TEM 641 super-resolution microscopy!*’, fluorescence
recovery after photobleaching (FRAP)Y and single-particle tracking (SPT) 6, it is not yet

clear whether DC-SIGN nanoclusters are stable in time or assemble/disassemble transiently.
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Moreover, it is still an open question whether DC-SIGN receptors are mobile within
nanoclusters or if the reported diffusions of DC-SIGN correspond to the mobility of the entire

nanoclusters!#-%],

To address some of these questions, we labeled DC-SIGN on stably transfected CHO cells at
saturating conditions, using equimolar concentrations of Atto520- and Atto647N-conjugated to
single-chain antibodies. Dual-color FCS and FCCS experiments at the nanoscale were
performed using a BNA probe (50 nm gap size) simultaneously excited with A = 488nm and A
= 633 nm (transversal polarization for both excitation wavelengths). Representative
fluorescence traces recorded simultaneously in the two detection channels are shown in Figure
3A and Figure S4. Zoom-ins of coincident bursts indicate receptor co-diffusion within the same
nanometric illumination area. Multiple single-color ACFs were normalized and averaged
(Figure 3B). The shape of the ACF curves and the 7/, values (17+6 ms and 10+2 ms for
Atto647N and Atto520, respectively) are comparable, confirming similar confinement areas for
both excitation wavelengths. Taking into account the transit times and the excitation area
estimated above from the ACF curves for A = 633 nm excitation (3600 nm?), we calculate an
average diffusion coefficient for DC-SIGN of D = A/(4t) = 5.3-10"2 um?/s, which is within
the range of our previously published values*Sl. We note that the ACF curves do not show a
clear plateau at short lag-times like the ones clearly observed for PE (Figure 2C), but instead
exhibit fluctuations with an additional fast decay. Although their nature is not exactly known,
we can exclude that such behavior stems from the lateral oscillation of the BNA probe used to
maintain a constant tip-sample separation, due to its very small amplitude (< Inm) and because
such fluctuations are absent on the PE data that have been recorded under similar experimental
conditions. We believe that the fast decay component might be due to the flexibility and/or
wobbling of the antibody fragment used to label DC-SIGN.
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Figure 3. Simultaneous dual-color detection of receptor diffusion and FCCS at the
nanoscale. (A) Representative fluorescent time trace (I ms bin) of Atto520 (green) and
Atto647N (red) conjugated to single chain antibodies and bound to DC-SIGN, expressed on
CHO cells. Trajectories were generated using transversally polarized excitation of a BNA probe
simultaneously excited with A = 488nm and A = 633 nm. Zoom-ins of some of the coincident
bursts are shown in the insets. (B) Normalized ACFs corresponding to the fluorescent intensity
traces of dual-labeled DC-SIGN. (C) CCFs of two different dual-color DC-SIGN traces (pink
and purple diamonds). The orange curve corresponds to the cross-correlation of Atto520-DC-
SIGN with Atto647N-PE, and is used as a negative control to show no specific co-diffusion.
(D, E) Histograms of the co-diffusion times (D) and the cross-correlation amplitudes (E) were
obtained from finding 7, 1/, from the curves in Figure S5A.

We then generated cross-correlation functions (CCFs) (Figure 3C) for the traces shown in
Figure 3A and Figure S4. Non-negligible cross-correlations amplitudes G, were retrieved for
both traces, indicating co-diffusion of receptors in the same nanoscale volume and, thus,
nanoscale interaction. In addition, average transit times of 7, ; , of 10.2+1.8 ms and 19+8 ms
were obtained for the two different curves, indicating heterogeneity in DC-SIGN diffusion, in
agreement with earlier SPT results!*®l. As a control, we also recorded time traces of DC-SIGN

labeled with Atto520 and the Atto647N-conjugated PE lipid analog. As expected, the CCF
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curves are almost flat and remained close to zero, consistent with a lack of cross-correlation
between DC-SIGN and the lipid diffusions, and validating our FCCS measurements at the

nanoscale.

Multiple CCF curves of DC-SIGN obtained from different cells and/or membrane regions are
shown in Figure S5A. CCF curves are fitted using the same modified 2D correlation function
as utilized in the case of ACF curves. The curves exhibit a broad distribution of cross-
correlation times 7,q,, and cross-correlation amplitudes at G.«(0) (Figure 3D, E). For
comparison, the amplitude histogram of CCF curves from traces lacking significant cross-

correlation is shown in Figure S5B. The broad range of characteristic 7, 1/, times obtained from

the CCF curves can arise from both correlated motions of individual DC-SIGN receptors within
the same nanocluster or correlated motion between different nanoclusters. In either case, the
broad distribution of 7, ;/, indicates a range of interaction strengths of DC-SIGN receptors
with their nano-environment that directly impinges on their diffusion behavior as two receptors,
or receptor nanoclusters, co-diffuse. In the first case, the nano-environment constitutes the intra-
nanocluster milieu, whereas, in the second case, it corresponds to the inter-nanocluster
surrounding. Surprisingly, only a modest percentage (< 30%) of all the recorded trajectories
exhibited cross-correlation amplitudes above the background. These results are at first sight
unexpected, considering that a large majority of the DC-SIGN receptors partition in

nanoclusters*], and thus a high level of receptor co-diffusion was anticipated.

To get more insight into these intriguing results and the nature of the broad range of 7, 1/,
values obtained from FCCS curves, we performed burst analysis on individual DC-SIGN
trajectories. We first measured the time duration of individual bursts and calculated the
diffusion coefficient (D) from individual bursts (Figure 4A). A broad range of D values was
obtained, as expected for most transmembrane receptors!*®>!l, However, in contrast to our
earlier results obtained using SPT*®, the D values obtained here are significantly higher (peak
~0.5 um?/s here vs. ~0.1 um?/s from SPT measurements!“¢l). Moreover, while the D distribution
from SPT measurements showed a long tail towards values < 0.1 um?/s#¢], the D distribution
obtained from burst analysis at the nanoscale shows a tail towards D values > 0.5 um?/s. Since
our FCS experiments are performed with much higher temporal resolution (~3pus) as compared
to SPT (typically 20-50 ms), the D values reported here most likely correspond to the diffusion
of individual DC-SIGN molecules rather than to nanocluster diffusion as reported in Refl46],

With most DC-SIGN receptors contained within nanoclusters*’], these results, therefore, imply
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that DC-SIGN can diffuse inside nanoclusters. Earlier experiments by Jacobson and co-workers
indeed suggested that DC-SIGN nanoclusters are not fully packed and that certain lipids could

freely diffuse within these nanoclusters*8,

To further support these observations, we measured the distribution of lag times between the
end and the onset of consecutive bursts, 7,7 We reasoned that if DC-SIGN is mostly organized
within nanoclusters, its relative molecular density would be much larger inside nanoclusters
than outside, which should be reflected in two markedly different inter-burst timescales. In
agreement with the hypothesis, the histograms of 7, show a clear bimodal distribution (Figure
4B) with one; more abundant; population peaking at ~5 <10 s and a second one at ~2 s,
regardless of the label used. As a control, we also generated a distribution for the 7z, times
between consecutive bursts of the Atto647N-PE data (Figure S6). As expected, the distribution
for PE is quite random and broad, as compared to the two clear 7,7 populations observed for
DC-SIGN. We interpret these results based on the fact that the illumination area provided by
the BNA (~50 nm) is much smaller than the reported average cluster size for DC-SIGN (~180
nm)“*®), Thus, when a nanocluster is present below the BNA, individual molecules inside the
nanocluster will diffuse fast through the BNA gap, with short off-intervals between them,
giving rise to the population of short 7,5 values. On the other hand, individual nanoclusters have
a lower density on the membrane and diffuse much slower, so that it will take a much longer
time for a new nanocluster to arrive at the BNA illumination region, resulting in a population
with longer 7,5 values (Figure 4C). The random diffusion of individual receptors within large
nanoclusters also explains the low occurrence of cross-correlation curves obtained in our
measurements. To the best of our knowledge, these experiments resolve, for the first time,
molecular diffusion inside receptor nanoclusters and distinguish it from the diffusion of the

nanoclusters themselves.
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Figure 4: Burst analysis reveals molecular diffusion of receptors inside nanoclusters as
well as diffusion of nanoclusters on the plasma membrane of living cells. (A) Histogram of
the diffusion coefficients of DC-SIGN calculated from the burst length duration for multiple
Atto520 (green, 454 bursts) and Atto647N (red, 364 bursts) trajectories. (B) Distribution of 7,5
for the same trajectories as analyzed in (a). (C) Schematic depiction of molecular diffusion
inside nanoclusters (left) that give rise to the short 7, timescales and the nanocluster diffusion
(right) that lead to the long 7,5 timescale as probed by the BNA. The grey circle illustrates a
nanocluster containing multiple DC-SIGN molecules (green and red dots) that diffuse within
the illumination area provided by the BNA gap (yellow circle). An experimentally obtained

trajectory is shown below (1 ms binning, ~1 s length), denoting the two different 7,5 regimes.

In summary, we have demonstrated that probe-based broadband BNA photonic antennas are
highly effective in obtaining fast dynamics of membrane components, i.e., lipids and proteins,
at the nanoscale in living cells. This is both owing to their large optical throughput and spatial
confinement of the excitation field. In addition, we showed that BNAs provide comparable
enhancement and spatial confinement to dimensions as small as ~50 nm for different excitation
wavelengths. We demonstrated FCCS at the nanoscale in living cells and exploited the
broadband behavior of these photonic antennas to investigate nanoscale co-diffusion of
membrane receptors in living cells. Importantly, because of the nanometric dimensions of the
BNA gap sizes and the sizes of the nanoclusters under study, we reveal for the first time
intermolecular diffusion inside nanoclusters and receptor nanocluster diffusion. Altogether, our
work shows that broadband photonic antennas are promising candidates for quantitative multi-

color studies in living cell membranes with ultra-high spatiotemporal resolution.
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MATERIALS AND METHODS

Antenna probe fabrication. The BNA probes were fabricated as described previously[*¢l.
Briefly, heat-pulled optical fibers were coated with 5 nm Ti and 150 nm Al. The coated fibers
were milled by focused ion-beam (FIB) to obtain a 500-700 nm diameter opening. This end-
facet was subsequently coated with a high-quality Al layer of about 120 nm. Finally, the BNA
was directly milled face-on into the Al-coated end-facet. This fabrication method allowed for

extreme reproducibility of BNA probes with gap regions around 50 nm!3¢1,

Optical setup. For excitation in our combined NSOM/confocal setup, we used two lasers: a He-
Ne laser at A = 633 nm and an argon-krypton laser (Model 3060; Spectra-Physics, Santa Clara,
CA) at A= 488 nm. A combination of a polarizer and a A/2 waveplate for each separate
excitation wavelength ensured control of the incoming polarization to the antenna. The
fluorescence from single molecules diffusing through the excitation volume of the antenna was
collected by a high NA objective (oil, 1.3NA), split into two branches using a dichroic mirror
(600 LP), individually filtered from the excitation light (Semrock 536/40 and 675/67) and
detected by two single photon counting avalanche photodiodes (APDs) A photon-counting unit
(NI BCN-800) was used to record photon arrival time traces that are successively processed by
a software correlator. A shear-force feedback system on the antenna probe, together with the
piezo-electric sample stage, guaranteed close and constant distance regulation between the
antenna and the cell membrane. The feedback system is based on a piezo-electric tuning fork
operating in air while the end facet of the probe containing the BNA is immersed in liquid using
the diving bell concept!*”). In this mode of operation, the tuning fork oscillates laterally above
the sample at its resonance frequency of 32 kHz. High Q factors (> 200) are maintained because
of air operation, resulting in lateral amplitudes of the tip end below Inm, with minimal
interactions of the tip with the cell membrane®’°. Such small oscillating amplitude (as
compared to the illumination area provided by the antennas) is highly unlikely to introduce any

detectable fluctuations on the collected fluorescence signal.

FDTD simulations. 3D numerical modeling of the antenna was based on finite-difference time-
domain (FDTD) simulations. The simulations consider a volume spanning +2.6 pm in x and y
around the BNA end face. The refraction index and taper angle of the dielectric body of the
probe were chosen to be 1.448 and 32°, respectively, and the aluminum dielectric constant is
given by the Drude model adapted for each wavelength considered. The BNA is located at x =

y =z = 0. In the z direction, the simulation extends to 1 pm in air and terminates at 7 um into
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the body of the probe. All six boundaries of the computation volume are terminated with
convolutional-periodic matching layers to avoid parasitic unphysical reflections around the
probe. The non-uniform grid resolution varies from 25 nm for portions at the periphery of the
simulation to 5 nm for the region in the immediate vicinity of the BNA (£200 nm in x and y
and —200 to 100 nm in z). Excitation was done by a linearly polarized Gaussian beam launched

at 7 um away from the tip body and propagating towards the BNA.

Cells and samples preparation. Chinese hamster ovary (CHO) cells were cultured in phenol-
red free Dulbecco’s Modified Eagle Medium (DMEM) with nutrient mixture F-12 (1:1)
supplemented with 10% fetal calf serum and Antibiotic Antimycotic Solution (Gibco). For
incorporation of Atto647N conjugated phosphoethanolamine lipid (PE) in the cell membrane,
we followed previously published protocols!!®!°). Bovine Serum Albumin (BSA)/PE analog
complexes were prepared by dissolving the lipid analogs in CHCI3/MeOH (3:1). From the stock
solution, 100 nM of lipid analog were dried under a stream of nitrogen and re-dissolved in 20
ul of absolute ethanol. After adding 1 ml of defatted BSA (0.2 mM in DMEM), the solution
was vigorously vortexed. Cells spontaneously adhered to a glass coverslip after 48 hours of
incubation at 37° C. For PE analogs incorporation, cells were washed with DMEM and
incubated with BSA/PE analog complexes for 10 min at 25° C temperature, washed with
DMEM, and prepared for observation. Typical concentrations of BSA/PE complexes were 100—
300 nM.

For the experiments on DC-SIGN, CHO cell lines stably expressing DC-SIGN wild type,
containing a short C-terminal AU1 tag as already published*®!, were cultured in Ham’s F-12
medium (LabClinics) supplemented with 10% fetal calf serum and Antibiotic Antimycotic
Solution (Gibco). Monovalent single-chain anti-human AU1 antibodies (mAbs) were generated
from AUl Ab (Covance) by reduction with Dithiothreitol (DTT, Invitrogen) according to
manufacturer’s instructions. Reduced Abs were then labeled with either Atto520 or Atto647N
according to standard protocols provided by the manufacturer. Glass coverslip-adhered CHO
cells were incubated for 30 min at room temperature using equimolar concentrations of
Atto520- and Atto647N-conjugated single chain mAbs at saturating conditions to label all DC-
SIGN receptors. Before imaging, extensive washing with the serum-free medium was

performed to remove non-bound mAbs.

Fitting of the FCS and FCCS curves. Fittings of the FCS curves in 2D requires knowledge of

the illumination area. While for confocal excitation, the fitting can be performed assuming a
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Gaussian shape, this is not the case for the atypical illumination profile exiting the BNA probe.
Therefore, we have performed all the fittings using a modified 2D correlation function that
assumes a circular step function excitation profile as proposed by Vobornik et al.*!l and

validated by us in earlier work using sub-wavelength apertures!!®#!:

1 Tp 1 T —arp)T
G(T)zﬁerf<2\/;>—ﬁ g(l—e /)

where erf(x) denotes the error function, N is the average number of fluorophores in the
observation volume and T, is the characteristic diffusion time, given by 7, =5/ 4p With s =

™/,

where D is the characteristic diffusion and » the radius of the circular step function

(which would correspond to the illumination region provided by the BNA). We used the G(t)
function to determine the amplitude G(0) of both the ACF and CCF curves, whereas for the
determination of the diffusion times 7, we directly determined them by measuring the time at

which the normalized ACF and CCF curves decay to half of its amplitude, 7, /,.

Burst analysis. Fluorescence bursts were detected and quantified from unfiltered photon
arrival-time recordings as previously described!*?). In brief, a likelihood-based algorithm was
used to sequentially analyze photon recordings to test the null hypothesis (no burst, recording
compatible with background noise) against the hypothesis that a fluorescence burst arises as a
consequence of a fluorophore crossing the excitation volume. Background level and typical
fluorophore intensity were estimated from the trace to be analyzed. Probabilities associated
with false positives and missing event errors were both set to 0.0015232), From all detected
bursts, intensity and length are measured, as well as the time between consecutive bursts for the

DC-SIGN experiments.
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